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ABSTRACT 

STRUCTURAL ANALYSIS OF PROTEIN THERAPEUTICS BY HYDROGEN 

DEUTERIUM EXCHANGE AND  

COVALENT LABELING MASS SPECTROMETRY 

SEPTEMBER 2021 

CATHERINE Y. TREMBLAY 

B.Sc. NORTHEASTERN UNIVERSITY

Ph.D. UNIVERSITY OF MASSACHUSETTS AMHERST 

Directed by: Professor Richard W. Vachet 

This dissertation focuses on the use of mass spectrometry (MS) to study 

therapeutic protein higher order structure (HOS) by encoding the structure into the mass 

of the protein. As therapeutic proteins become more common in the pharmaceutical 

industry, the need for methods that quickly and accurately determine their HOS has 

grown. The two methods applied here are hydrogen deuterium exchange (HDX) MS and 

diethylpyrocarbonate (DEPC) covalent labeling (CL) MS. We demonstrate how these 

two methods provide complementary, and sometimes synergistic, information about 

protein HOS.   HDX/MS reports on both changes in solvent exposure and changes in 

protein dynamics, and as a result it can often lead to ambiguous results. DEPC-CL/MS 

can be used to clarify ambiguous HDX/MS results as a result of its relatively slow (sec-

min) intrinsic reaction rate. DEPC-CL/MS does not detect protein dynamics that are 



x 

measured by HDX/MS. Thus, it can indicate which HDX decreases are a result of loss of 

solvent exposure and which are a result of a loss of protein dynamics. Additionally, 

HDX/MS and DEPC-CL/MS are complementary methods, as HDX reports on backbone 

dynamics and solvent exposure providing peptide level resolution, while DEPC-CL/MS 

reports on side chain solvent exposure and microenvironment at the residue level. 

In my work, I demonstrate that HDX/MS in parallel with DEPC-CL/MS can 

provide complementary HOS information about heat stressed monoclonal antibodies 

(mAbs).  Using heat stressed rituximab as a model system, the two methods are used 

together to provide site-specific information about subtle conformational changes that are 

undetectable by traditional techniques. DEPC-CL/MS is more sensitive to subtle HOS 

structural changes occurring at low heat stress while at high heat stress we find that the 

two methods provide complementary information.  

To further exemplify the complementarity between HDX/MS and DEPC-CL/MS, 

the methods are used to map the epitope in the antigen of a well characterized antibody-

antigen system. Using the model system TNFα in complex with a variety of TNFα 

specific mAbs, we find that DEPC-CL/MS can reveal accurate information about 

epitopes and subtle structural changes away from epitopes. Moreover, we demonstrate 

that when HDX/MS is used in parallel with DEPC-CL/MS to study the HOS structural 

changes of TNFα upon antibody binding, DEPC-CL/MS can clarify ambiguous HDX 

results. DEPC-CL/MS can help pinpoint which HDX decreases are due to epitope 

binding and which decreases are due to TNFα stabilization. Our work highlights the 

effectiveness of these two methods together to study protein systems that are difficult to 

study by other methods. 
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CHAPTER 1 

1. INTRODUCTION

1.1. Monoclonal Antibody Protein Therapeutics 

Antibody based therapeutics are the fastest and largest growing class of protein 

therapeutics.1 Since their development as therapeutics in 1980, monoclonal antibodies 

(mAb) have achieved large clinical and commercial success with over 400 mAbs in 

clinical development.1–7 The success of mAbs can be attributed to their superior 

selectivity, providing substantial advantages over small molecules for treating serious 

diseases, such as cancer or autoimmune diseases.3,7–9 It is theoretically possible to 

develop a mAb therapeutic for any antigen with limited risk of off-target side effects as a 

result of their extremely high selectivity.1,2 In fact, epitope mapping, or determining the 

specific region of the antigen that is recognized by the antibody, is one of the most 

essential and challenging tasks in the development of novel mAbs. Additionally, unlike 

small molecules which on average are <500Da, mAbs are large protein molecules 

(~150KDa) with complex higher order structure (HOS) that dictates function.10 Unlike 

small drug molecules which can resist a wide range of storage conditions, due to their 

complex HOS, mAbs have a significant risk of structural perturbations caused by storage, 

handling, and transportation.6,9 Changes in HOS can result in immunogenicity, decreased 

efficacy, aggregates, or other safety concerns. 11–14 Therefore, detection and 

characterization of HOS perturbations of mAbs is imperative to development and safety 

of therapeutic mAbs (Figure 1.1).  
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 Epitope Mapping 

Epitope mapping is one of the most important applications of HOS characterization of 

mAbs.15 Epitope mapping is not only critical for the development of novel antibodies, but 

also for biosimilar development and determining the bioequivalence of a therapeutic.5,16 

Moreover, accurate determination of epitopes can also allow companies to patent 

different mAbs for the same antigen.17 While epitope mapping is necessary for the 

development and patenting of protein therapeutics, vaccine design, and drug discovery it 

is, however, notoriously difficult.15,18 Thus, robust techniques for epitope mapping are 

essential as they guide early protein therapeutic development.15,17 Currently, high 

resolution techniques, such as X-ray crystallography, are used to accurately characterize 

the paratope/epitope binding site.19 These methods however are not high throughput and 

have a number of technical limitations.  

 Higher Order Structure and Antibody stability  

The HOS of a protein describes its secondary, tertiary, and quaternary structure, or 

three-dimensional shape of a biomolecule.20 HOS dictates protein function therefore, the 

correct HOS of protein therapeutics are essential for therapeutic efficacy and safety. The 

HOS of mAbs can be perturbed as a result of storage, handling, and transportation.21 

Thus, developing methods to characterize HOS of mAbs quickly and accurately is 

valuable for the field of protein therapeutics. Additionally, methods for characterizing 

HOS are useful not only in detecting structural perturbations caused by storage or 

mishandling, but they may also be useful in determining lot to lot comparability of 

commercial therapeutics, biosimilarity of “generic versions” of mAbs, or 

bioequivalence.22  
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Figure 1.1: Cartoon representation of a monoclonal antibody therapeutic protein. 

The native conformation leads to the therapeutic effect and targeting of the specific 

antigen while a perturbed conformation can lead to undesirable results.  

1.2. Mass Spectrometry Based Approaches for Protein Structural Characterization 

Traditionally, the gold standard of studying protein HOS has been techniques 

such as nuclear magnetic resonance (NMR) or X-ray crystallography due to the high, 

atomic-level, resolution of these methods.23–26 More recently cryo-electron microscopy 

(cryo-EM) has also emerged as an atomic level resolution tool for studying protein 

structure.27,28 However, while X-ray crystallography, NMR, and cryo-EM provide the 

highest resolution of protein structure, they require a large sample volume, are often time 

and instrumentation intensive, require highly specialized personnel, and not every protein 

is compatible with these methods.29 X-ray crystallography is limited to proteins that can 

crystalize while NMR is limited on the size of protein that is compatible with this 

methods. Mass spectrometry (MS) has emerged as a valuable tool for studying protein 

HOS as it provides moderate to high resolution information on protein structure while 
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circumventing the technical hurdles of X-ray crystallography, cryo-EM, and NMR.19,29,30 

As a result of the low sample consumption, high throughput, and high specificity and 

sensitivity of MS, this technique is becoming increasingly popular for studying protein 

HOS. Other methods to characterize protein structure, such as circular dichroism (CD), 

dynamic light scattering (DLS), differential scanning calorimetry (DSC), or fluorescence, 

may not consume high volumes of sample and are relatively quick, but these methods 

lack the resolution needed to detect subtle HOS changes.12,20,31 MS is an ideal method for 

studying protein HOS because it provides a middle ground between the low 

resolution/high throughput methods, and the high resolution/low throughput methods.  

To study protein HOS with MS the structure of the protein must be encoded into the 

mass of the protein. MS detects the mass-to-charge ratio (m/z) of gas phase ions and 

while conventional MS techniques, such as bottom up sequencing, can be used to 

determine primary structure and post-translational modifications, more advanced MS 

techniques are required to elucidate tertiary structural information.20,32 Additionally, 

because MS measurements occur in the gas phase, it is necessary to acquire solution 

phase structure in an indirect way. There are three methods commonly used to encode 

structural based information into protein mass, hydrogen deuterium exchange (HDX), 

covalent labeling (CL), and chemical cross linking.32,33 Often, methods that encode 

structure into the mass of the protein are referred to as protein footprinting.34 This work 

will investigate HDX and CL in depth and explore the synergy between the two for 

studying therapeutic protein HOS. The two methods are complementary, and the 

structural information derived from each will produce a clear picture of HOS of protein 

therapeutics.  
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1.2.1.  Covalent Labeling Mass Spectrometry   

CL is a method in which a small molecule covalently modifies solvent exposed 

amino acid side chains on a protein.35 Residues exposed to solvent will react with 

covalent labeling reagents while buried residues will not.35 Once a protein is labeled, 

bottom-up mass spectrometry is typically used to detect a mass shift from covalently 

modified peptides (Figure 1.2). Tandem MS can then be used to get residue level 

resolution of modified residues. Labeling extent is calculated using the following 

equation:  

% 𝑙𝑎𝑏𝑙𝑒𝑖𝑛𝑔 =  
∑ ∑ 𝐴𝑖,𝑧

𝑚𝑜𝑑𝑖𝑚
𝑧=1

𝑛
𝑖=1

∑ ∑ 𝐴𝑖,𝑧
𝑚𝑜𝑑𝑖𝑚

𝑧=1
𝑛
𝑖=1 + ∑ ∑ 𝐴𝑖,𝑧

𝑢𝑛𝑚𝑜𝑑𝑖𝑚
𝑧=1

𝑛
𝑖=1

 

Equation 1.1 

Where 𝐴𝑖,𝑧
𝑚𝑜𝑑𝑖 is the peak area of DEPC-modified peptide that contains the modified 

residue of interest and possessed charge state (z) and 𝐴𝑖,𝑧
𝑢𝑛𝑚𝑜𝑑𝑖 is the peak area of the 

DEPC-unmodified peptide that contains the residue of interest and possesses charge state 

(z).36 

The majority of CL/MS experiments are comparative studies between two protein 

states (i.e. unbound protein vs. ligand bound protein, native protein vs. heat stressed 

protein). Changes in labeling extent from one state to the other will provide data about 

surface changes to the protein. For instance, differences in labeling extent between a 

native state and a ligand bound state will indicate the locations where a protein’s surface 

structure has changed as a result of ligand binding.35  
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There are many different reagents that can be used for covalent labeling, some are 

amino acid specific, while others react with a wide range of amino acid residues. Non-

specific labels often rely on reacting proteins with highly reactive radicals such as 

hydroxy radicals or trifluoromethyl radicals. Hydroxyl radical footprinting (HRF) has 

been explored in by a number of labs as a CL technique to probe therapeutic protein 

structure.18,37,38 Hydroxyl radicals are non-specific and covalently label side chains based 

on solvent accessible surface area (SASA) on the microsecond time scale.37,38 

Specifically, the Gross group has developed a method of fast photochemical oxidation of 

proteins (FPOP), which is a type of HRF that utilizes a pulsed KrF laser to create 

hydroxyl radicals from hydrogen peroxide. This method has been uses to study antibody: 

antigen interactions, protein aggregation, and protein folding.39–41 However, FPOP 

requires specialized facilities and equipment, and interpretation of the resulting data can 

be complex.42  

Amino acid specific covalent labeling reagents react with specific residues based 

on that residue’s chemistry. There are a variety of different reagents that can label a 

variety of specific residues such as dimethyl(2-hydroxy-5- nitrobenzyl)sulfonium 

bromide (HNSB) which specifically modifies tryptophan residues, 2,3-butanedione which 

reacts with arginine, or organic acid anhydrides which lead to lysine acetylation, to name 

a few. While the sequence coverage of residue specific labeling is low, there are a 

number of valuable applications for residue specific labels. For example, HNSB has been 

used to study the energy barrier for the pre-amyloid structural change of the protein B-2-

microglobulin.43 The earliest examples of covalent labeling for studying epitopes was 

lysine acetylation studying the epitope of lysozyme in the late 1990s.44 This work will 
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focus on use of diethylpyrocarbonate (DEPC), a pseudo-specific labeling reagent that 

labels nucleophilic side chains and N-termini.45,46  

 

1.2.1.1. DEPC-CL  

DEPC is a commercially available covalent labeling reagent that labels 

nucleophilic residues (histidine, lysine, serine, tyrosine, threonine) and the N-termini 

(Figure 1.3).46 As a result of the variety of side chains that can react with DEPC, it can 

probe approximately 30% of an average proteins sequence, providing moderately high 

HOS resolution.46 The labeling extents of strongly nucleophilic residues, histidine and 

lysine, is correlated to solvent accessible surface area (SASA), the more solvent exposed 

these residues are the higher the extent of labeling is expected to be. For weakly 

nucleophilic residues, serine, threonine, and tyrosine, labeling extent is dependent on 

Figure 1.2: Cartoon representation of covalent labeling mechanism. A protein is 

reacted with the labeling reagent (yellow star) and exposed residues are modified. Protein 

is then digested, and LC/MS is preformed to detect peptides that have been modified. CL 

is typically completed in a comparative fashion, if the protein is in a dimer state, there are 

likely to be residues that are now not exposed to solvent and there for labeled to a lesser 

extent.  
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both solvent exposure and the three dimensional microenvironment surrounding these 

residues.36 If ser, thr, or tyr residues are completely buried, they will not be labeled. 

However, the hydrophobicity of the microenvironment surrounding these residues created 

by the three-dimensional structure of the protein also influences labeling extent. Previous 

work has demonstrated that in free peptides, where these residues are entirely solvent 

exposed and lack 3D structure, the extent of labeling is minimal or nothing.36 However, if 

these residues are in solvent accessible hydrophobic pockets, created by nearby 

hydrophobic residues, they are likely to be labeled. This is presumably due to the fact that 

DEPC itself is hydrophobic and minimally soluble in aqueous solutions, thus the local 

effective concentration of DEPC would be higher in hydrophobic pockets of a protein 

structure.36 

While DEPC-CL is a relatively simple reaction, there are a number of 

considerations that must be made to ensure that the solution phase structure is 

successfully encoded into the mass by DEPC. For instance, DEPC itself could result in 

perturbation of HOS. Thus, it is important to ensure that the structural integrity of the 

protein is still intact. Previous work completed by Limipkirati et. al. has investigated this 

using dose response curves plotting DEPC concentration against reaction rate.47 It was 

determined that one label per protein domain seemed to keep native structure intact for 

mAbs. This work also indicated that for thermally stable proteins it was possible for 

multiple labels to accurately report on native protein structure.  

Further considerations for CL/MS is that the method is semi-quantitative. This is 

partially a result of the fact that labeling extent is determined using MS peak area as 

described in equation 1.1. MS peak area is affected by the ionization efficiency of the 



9 
 

analyte in question. Labeled and unlabeled peptides often have significantly different LC 

retention times, and thus are ionized with different aqueous:organic solvent ratios 

resulting in different ionization efficiencies. This means the resulting peak area is not 

perfectly comparable between the unlabeled and labeled peptides. Additionally, the 

DEPC label itself is known to alter ionization efficiency, thus even if the labeled and 

unlabeled peptide eluted at the same retention time, there would still be differences in 

peak area as a result of differences in ionization efficiency.   

However, while there are a number of considerations to be made, DEPC is a 

useful reagent for studying a variety of protein systems. DEPC has been used to stud 

DEPC-CL has been used previously to study protein-ligand binding sites,48–50 protein-

protein interactions,51,52 and HOS perturbations of mAbs caused by heat stress.53–56 This 

work will furth explore the applications of DEPC in relation to antibody:antigen 

interactions.  

 

 

Figure 1.3: Structure of DEPC and the products resulting from reaction with DEPC 

for each labelable residue.  
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1.2.2. Hydrogen Deuterium Exchange (HDX)  

HDX is a well-established technique for studying the HOS structure and dynamics of 

proteins.20,31,57,58 In HDX, a protein of interest is diluted in a solution of D2O, labile 

hydrogens will exchange with solvent deuterium. Hydrogens involved in hydrogen 

bonding and highly structured regions (i.e. beta sheets and alpha helices) exchange 

slowly while labile hydrogens in solvent exposed loops and dynamic regions of the 

protein are likely to exchange quickly.12,19,31,59 Proteins are incubated in deuterium for a 

predetermined amount of time then the reaction is quenched by dropping the pH to ~2.5 

where the lowest rate of exchange of amide hydrogens is observed.60,61 Bottom-up 

proteomics analysis can be performed by digesting the analyte with a protease, often 

pepsin, that functions under acidic quench conditions (Figure 1.4).19 As a result of the 

back exchange that occurs from deuterium to hydrogen when the reaction is quenched, 

generally only amide back bone hydrogens are labeled by deuterium. Coupled with liquid 

chromatography (LC) and electrospray ionization mass spectrometry (ESI/MS), peptides 

with an increase in mass caused by exchange with deuterium can be separated and 

detected and a plot of deuterium uptake over time can be generated (Figure 1.4). Based 

on the rate of deuterium uptake over time, conclusions can be made about the HOS 

surrounding a specific peptide.   

The enzyme typically used for HDX analysis, pepsin is a nonspecific protease and 

therefore, in theory, HDX can provide amino acid level resolution depending on the 

number of peptides produced, detected, and the nature of overlap of the peptic peptides.31 

In reality, HDX provides peptide to sub-peptide level resolution and methods to improve 

the spatial resolution of the technique are constantly being investigated. MS 
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fragmentation techniques such as ETD can be used to pinpoint which residue contains the 

deuterium however these techniques are not routine as a result of difficult data analysis 

and the likelihood of labeling scrambling.62 Additionally methods using multiple 

different enzymes or coupling HDX with molecular modeling have also been employed.  

HDX has been used to study protein-protein interactions, conformational changes, 

stability, ligand binding sites, among other structural variations.17,63–71 HDX for mAb 

characterization has been investigated and optimized extensively by the Engen lab.72–74 

Houde et. al. demonstrated that HDX is a valuable tool for comparability studies using 

the protein interferon-β-1a75 while Wei et. al. has shown HDX can be used to study 

conformational changes the result from PEGylation.73  

 

Figure 1.4: Cartoon depiction of HDX mechanism. Protein is incubated in 

deuterium; exposed hydrogens will exchange with deuterium in solution. The reaction 

will be quenched and digested, and LC/MS will be completed on resulting peptides. The 

change in deuterium over time can be plotted on a deuterium uptake plot. 
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1.3. Synergistic information from HDX and DEPC-CL  

Due to the increasing complexity of protein therapeutic development, it is 

necessary to investigate multiple orthogonal techniques for characterizing protein HOS. 

HDX and CL are orthogonal techniques for describing overall HOS changes. CL reports 

on side chain structure while HDX reports on backbone amide hydrogen structure and 

dynamics. We propose that because CL reports on side chain solvent accessibility and is 

not typically completed at different time points, it is superior in detecting ligand binding 

sites and protein-protein interaction faces. HDX, however, provides information 

concerning allosteric and dynamic structural perturbations, as well as changes in solvent 

exposure. As a result of the fact that HDX is not limited in the same way as CL and can 

detect both protein dynamics and changes in solvent exposure, HDX data can be 

ambiguous as a result of its sensitivity. It can be difficult to determine which changes in 

HDX are a result of changes in protein dynamics and which are changes due to changes 

in solvent exposure. Thus, by taking advantage of the synergy between the two 

techniques, CL and HDX, and applying them in parallel, a greater depth of structural 

information can be achieved.  

While this work will focus specifically on DEPC-CL, the use of CL and HDX 

together to study protein systems has been investigated previously. HRF and the related 

technique FPOP have been implemented in parallel with HDX to study protein 

systems.18,38,39,41,76,77 For example, Cornwell et. al. used FPOP in combination with HDX 

to investigate the conformational dynamics of the protein β-2-microglobulin and its 

mutant D76N. Their conclusions demonstrated that by using the two techniques in 

parallel a confident conclusion about changes in dynamics as a result of the mutation 
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could be made.39 The Gross group has used FPOP in combination with HDX to study 

protein small molecule ligand interactions. This work demonstrated that FPOP had a 

higher sensitivity than HDX for determining the location ligand binding. HDX alone was 

incapable of mapping the ligand binding site.76 While these studies highlight the ability 

for CL and HDX to provide complementary information, there are a number of draw 

backs to FPOP as a protein foot-printing method. FPOP requires highly specialize 

equipment, data analysis is complicated and time consuming, and FPOP take place on the 

order of microsecond, meaning that unlike DEPC-CL it is sensitive to changes in 

dynamics. Thus, FPOP can suffer from the same ambiguous data problems that plague 

HDX data.  

DEPC-CL and HDX provide a unique synergism for studying protein systems. DEPC 

reactions take place on the order of seconds to minutes and is thus, blind to protein 

dynamics. The synergy between these two methods has been demonstrated in the context 

of ligand binding by Liu et. al. By employing both DEPC-CL and HDX to study small 

molecule ligand binding with β-2-microglobulin, it was demonstrated that as a result of 

the different time scales, the ligand binding site could be definitively determined.48  

DEPC-CL and HDX experiments on proteins are typically conducted using 

different sample preparation conditions, therefore some protocol optimization and 

standardization of sample preparation is necessary to appropriately compare the data 

from each technique. Unlike CL, HDX is reversible, so HDX analysis must happen 

immediately after labeling while CL samples can undergo other cleanup, such as buffer 

exchange or reconcentration, before analysis. Two major conditions that may affect 

comparability of the two methods for mAbs specifically, are the presence of formulation 
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additives and exchange/labeling temperature. Therapeutic mAbs are kept in a formulation 

for stability, removal of the tween in formulation is suggested for LC/MS runs as the 

tween will cause interference in collected data. Additionally, some formulation additives 

may react with DEPC and need to be corrected for. However, neither of these 

considerations are relevant for HDX runs, it is prohibitively difficult to remove the tween 

after labeling without causing an unacceptable amount of back exchange. The 

temperature of exchange is also important to consider when relating DEPC to HDX. 

DEPC labeling is typically carried out at 37°C. However, the rate of deuterium uptake is 

dependent on temperature, with exchange happening 10 times faster at 22°C than at 

0°C.20,21 The difference in temperatures could affect protein structure and should be 

considered when comparing data.  

1.3.1 HDX and CL for epitope mapping and antibody therapeutics  

The binding to an epitope can cause HOS changes in areas not directly involved 

with binding, or allosteric effects.17 Mapping allosteric effects caused by ligand binding 

is just as important to the field of protein therapeutics as mapping paratopes.78,79 HDX is 

an ideal method of detection of allosteric changes, as these changes influence hydrogen 

bonding interactions and thus backbone structure.17 Paradoxically, allosteric perturbations 

are one of the largest problems for HDX analysis of paratopes or ligand binding 

sites.17,20,79 It is impossible to distinguish if changes in deuterium uptake are a result of 

binding site-induced hydrogen solvent accessibility changes or dynamic allosteric 

changes.17 In contrast, CL by DEPC, or other reagent, is transparent to dynamics and 

should clearly indicate binding site without interference from allosteric effects. 

Therefore, it will be possible to take advantage of CL insensitivity to dynamic changes in 
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combination with the sensitivity of HDX to accurately describe overall HOS structural 

perturbations and binding sites.  

Prior work investigating these two methods for epitope mapping by the Gross 

group investigated the relationship between FPOP-CL and HDX in the context of epitope 

mapping of an antibody/interlukin-3 interaction.18 This study utilized a combination of 

HDX/MS, FPOP/MS, computational surface residue analysis, alanine shave mutagenesis, 

and binding analytics techniques to identify the epitope binding site, ultimately 

demonstrating the need for orthogonal techniques for epitope mapping.18 HDX and FPOP 

identified four overlapping epitope regions involved in binding. However, HDX 

identified a peptide involved with binding where no corresponding oxidative products 

were detected by FPOP, while FPOP indicated a region of peptide protection that was not 

observed by HDX. They hypothesize that these inconsistencies are a result of the 

differences in labeling methods.18 Huang et. al. has also employed FPOP and HDX for 

epitope mapping for the NKG2A/CD94 protein complex with the Anti-NKG2A antibody 

where they concluded that the two methods orthogonally were necessary to characterize 

the complex protein system.80  

1.4. Summary  

In this chapter, we have described the scientific significance of protein 

therapeutics, explored methods for studying their higher order structure, and laid out a 

case for utilizing DEPC-CL/MS alone as well as both HDX/MS and DEPC-CL/MS 

together to characterize the HOS or therapeutic proteins. Characterizing the HOS of 

proteins is a necessity in the field of protein therapeutics for development of new drugs, 

biosimilar drugs, stability studies, and quality assurance, yet presents several challenges. 
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Characterizing the HOS of mAbs specifically can be difficult as a result of the 

multidomain nature and size of these proteins. Additionally, epitope mapping is a 

difficult but lucrative field of study. This dissertation focuses on the use of MS based 

methods, HDX and DEPC-CL, for studying a variety of protein therapeutic systems. We 

utilize DEPC-CL alone to investigate antigen antibody interactions and we propose that 

DEPC-CL can clarify ambiguous HDX results. We will to demonstrate that the two 

methods provide complementary information as a result of the fact that HDX detects 

changes in backbone amide hydrogen structure and CL reports on changes in SASA of 

side chains. When used in combination, the two techniques will give a comprehensive 

description of overall structural effects. Robust methods of protein therapeutic 

characterization will be developed through a deeper understanding of the relationship 

between HDX and CL.  

In Chapter 2, we demonstrated that CL/MS coupled with HDX/MS can provide 

complementary information about structural perturbations of therapeutic mAb caused by 

heat stress. Using Rituximab as a model system we demonstrate that DEPC-CL is 

superior in detecting subtle HOS changes at low heat stress conditions but that at higher 

heat stress conditions considering the data given by each method gives a clearer picture 

of the HOS that take place in rituximab upon heat stress. The combination of these two 

methods gives insight into what regions of the protein are likely responsible for 

aggregation. 

In Chapter 3, we investigated DEPC-CL/MS for the study of antigen-antibody 

interactions. We choose to use tumor necrosis factor α (TNFα) in complex with three 

different mAbs all with different epitopes as a model system for this work. We 
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demonstrate that while DEPC-CL/MS cannot be used for epitope mapping, it can provide 

valuable HOS information about TNFα upon binding with therapeutic mAbs.  

In Chapter 4, we apply the methods from chapter 2, namely DEPC-CL and HDX, 

to the protein system in chapter 3, TNFα in complex with three different mAbs. This 

chapter demonstrates the utility of using the two methods together to study protein: 

protein interactions. We show that by using HDX/MS and DEPC-CL/MS to investigate 

antigen: antibody interactions we can more confidently determine what HDX decreases 

are a result of loss of solvent exposure due to mAb binding and what changes are due to 

changes in dynamics. This in turn leads to higher confidence of the exact epitope. We 

also suggest that these methods can also provide information about quaternary structure 

of TNFα. The TNFα homotrimer is stabilized by the mAbs and HDX in parallel with 

DEPC-CL can reveal that stabilization.   

Finally, Chapter 5 presents conclusions and future directions of this work.  
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CHAPTER 2 

 

2. COMPLEMENTARY STRUCTURAL INFORMATION FOR STRESSED 

ANTIBODIES FROM HYDROGEN−DEUTERIUM EXCHANGE AND 

COVALENT LABELING MASS SPECTROMETRY 

This chapter is part of a research article published as: Tremblay, C. Y.; Limpikirati, P.; 

and Vachet, R. W., Complementary Structural Information for Stressed Antibodies from 

Hydrogen−Deuterium Exchange and Covalent Labeling Mass Spectrometry. JASMS 

2021, 32 (5), 1237-1248. 

2.1. Introduction  

The market for monoclonal antibodies (mAbs) has grown tremendously in the past 25 

years and is estimated to be a $300 billion market in 2025.1-4 As the mAb market is 

growing, there is an increasing need to characterize their higher order structure (HOS) 

quickly and effectively. Unlike small molecules, mAb structure is complex, and changes 

in HOS resulting from mishandling or storage can lead to reduced stability, loss of 

efficacy, or possible immunogenicity.5,6 In addition to monitoring changes in HOS, 

general structural information is useful for biologics license applications as it is necessary 

to demonstrate lot-to-lot comparability and stability.7 Methods to assess HOS are also 

essential in biosimilar development as comparability of a biosimilar to an approved drug 

is necessary for FDA approval.8  

Detecting mAb HOS changes is difficult due to their complexity and multidomain 

nature. High resolution methods such as nuclear magnetic resonance (NMR) or X-ray 

crystallography can provide atomic-level resolution; however, these techniques require 

large amounts of sample, have difficulty with heterogeneous proteins (e.g. multiple 

glycoforms), and/or are incapable of analyzing high molecular weight mAbs. Conversely, 
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low-resolution techniques such as differential scanning calorimetry, dynamic light 

scattering, fluorescence spectroscopy, infrared spectroscopy, and circular dichroism 

spectroscopy are relatively fast and have low sample consumption, but they do not 

provide site-specific information about localized conformational changes. As a result, 

there is a need for methods that are rapid, low on sample consumption, and provide high 

enough resolution to detect site-specific HOS changes.  

 Mass spectrometry (MS) is a powerful tool for protein analysis and has some 

advantages over other structural characterization techniques. MS-based methods have the 

benefits of limited sample consumption, essentially no molecular weight limitation, and 

the ability to analyze complex protein mixtures. MS is emerging as a method that can 

examine protein HOS.7,9 To characterize protein HOS, protein structural information 

must be encoded into the protein’s mass. One commonly used method to achieve this is 

hydrogen deuterium exchange (HDX). HDX/MS is well established in industry for 

detecting protein dynamics, protein/protein interactions, and protein-ligand binding, 

including for mAbs.10-18 In HDX/MS the exchange of backbone amide hydrogens with 

deuterium is measured, and the extent of exchange depends on solvent accessibility, H-

bonding, and dynamics, resulting in an increase in mass that can be detected and 

localized to peptide fragments using MS after proteolytic digestion.  

Covalent labeling (CL) with MS detection has also been used increasingly to 

characterize protein HOS such as protein-ligand binding sites and protein/protein 

interactions,19,20 and recently the method has been applied for structural analysis and 

epitope-paratope mapping of antibodies.19,21-25 In CL a reagent is used to covalently 

modify solvent exposed amino acid side chains, resulting in a mass shift that can be 
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detected with MS. When used with bottom-up tandem MS (MS/MS), residue-level 

resolution can be obtained, which contrasts with typical HDX measurements that are 

limited to peptide-level information. CL/MS methods have the additional advantage of 

being permanent modifications that are typically not lost during analysis, as can happen 

to deuterium labels during HDX/MS. 

HDX/MS and CL/MS are complementary methods as HDX provides protein 

backbone information while CL reports on side chains. The complementarity of the two 

techniques has recently been used to gain deeper structural information about a variety of 

protein systems.22,26-28 For example, Gross and coworkers have used fast photochemical 

oxidation of proteins (FPOP), which is a CL/MS method, and HDX/MS to investigate the 

conformational changes that take place in the interleukin-6 receptor when it binds with 

different adnectins. The same group also used FPOP and HDX/MS to structurally 

characterize antibodies, finding that the two methods provide overlapping results, while 

FPOP was able to identify potential residues within the epitope.26 An important aspect of 

FPOP is the hydroxyl radicals that are used react on the µs to ms timescale, which is 

similar to the intrinsic (or chemical) exchange rate of HDX. Our group recently 

demonstrated other CL reagents, such as diethylpyrocarbonate (DEPC), which react on a 

slower time scale (i.e. s) can be combined with HDX/MS data to provide synergistic 

structural information about protein-ligand interactions.29 DEPC reacts with nucleophilic 

residues, including Cys, Lys, His, Thr, Ser, and Tyr, labeling around 30% of the surface 

exposed residues on the average protein. HDX/MS measures both changes in solvent 

exposure and dynamics, which can lead to uncertainty when studying protein 

interactions, while CL/MS with DEPC is primarily sensitive to changes in solvent 
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exposure because of the relatively slow-reacting nature of the reagent. Moreover, unlike 

typical HDX experiments that are done at different time points (e.g. 10 s to 24 h), CL 

experiments are typically conducted at a single reaction time point (e.g. 5 min), and thus 

lack the kinetic information that might report on dynamics. Together, the two techniques 

can provide greater insight into binding sites and binding-induced structural or dynamical 

changes.  

Here, we demonstrate HDX/MS and DEPC-based CL/MS can be used to provide 

complementary and synergistic HOS information about heat-stressed therapeutic mAbs, 

using rituximab as a model system. Three levels of heat stress were chosen to induce 

different extents of structural changes to compare the information provided by these two 

techniques. Under low and moderate heat stress (i.e. 45 °C and 55 °C), the two methods 

provide complementary information about regions of rituximab that undergo subtle 

structural changes. By using high heat stress conditions, just below the melting 

temperature of the protein, we demonstrate that the two techniques together more clearly 

differentiate structural changes resulting from changes in protein dynamics from those 

resulting from decreases in solvent exposure due to aggregation. The techniques provide 

greater confidence in the aggregation sites by using CL data to clarify ambiguous HDX 

results. Together, DEPC-based CL/MS and HDX/MS provide a more comprehensive 

picture of the structural changes that take place in a heat-stressed mAb.  

2.2. Experimental section  

2.2.1. Materials  

Rituximab formulation (Rituxan® 100 mg/10 mL vial, lot# 3209283, Genentech) 

was purchased from Myoderm. Diethylpyrocarbonate (DEPC) (#D5758), imidazole 
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(#I5513), iodoacetamide (#I6125), tris(2-carboxyethyl)phosphine (TCEP) (#C4706), 

deuterium oxide (D2O) (#151882), Guanidine hydrochloride (GnHCl) (#G3272), sodium 

chloride (#S5886), and trypsin (#T1426) were obtained from Sigma-Aldrich. Urea 

(#AC424581000) was purchased from Acros Organics. Sodium phosphate monobasic 

monohydrate (#S0710-1) was obtained from EM Science. Sodium phosphate dibasic 

anhydrous (#S374-500), LC/MS-grade formic acid (#A117-50), acetonitrile (#A998-4), 

and water (#W7-4) were purchased from Fisher Scientific. 

2.2.2. Heat Treatment  

Formulated rituximab was used in all experiments. The formulation consists of 10 

mg/mL (69.5 µM) rituximab, 0.7 mg/mL polysorbate 80, 7.35 mg/mL sodium citrate 

dihydrate and 9 mg/mL sodium chloride in water at pH 6.5. Samples were aliquoted from 

a rituximab formulation stored at 4 °C. Control samples were incubated at 37 °C for 5 

min, and heat-stressed samples were incubated at 45 °C, 55 °C, and 65 °C for 4 h in a 

water bath prior to cooling to an appropriate temperature for DEPC labeling or HDX 

experiments.  

2.2.3. DEPC labeling and proteolytic digestion 

DEPC stock solutions were prepared in acetonitrile and further diluted in water in 

order to have acetonitrile levels that are less than 1% v/v in the final samples. The DEPC 

labeling reaction was done on the rituximab formulation (5 L aliquot) with only a small 

dilution (to 58 μM) due to the addition of DEPC. Labeling was conducted at a 

DEPC:protein molar ratio of 4:1 at 37 °C for 5 min. We have found that a 5-min reaction 

a 4:1 molar ratio leads to sufficient labeling of antibodies without perturbing the protein’s 

structure.3047 Imidazole was then added at a 1:50 DEPC:imidazole molar ratio to quench 
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the reaction. For each stress conditions, at least three replicates were performed on the 

rituximab samples. 

The quenched reaction mixtures were subsequently added into a urea-containing 

microtube and diluted in 50 mM phosphate buffer (pH 7.4). Protein denaturation was 

conducted in an 8 M urea solution. To reduce the disulfide bonds and alkylate the 

reduced Cys residues, TCEP and iodoacetamide were both added at final concentrations 

of 25 mM. The samples were kept in the dark for 20 min at room temperature to prevent 

photodegradation of iodoacetamide. DetergentOUT™ Tween® Micro spin columns 

(#786–214, G-Biosciences) were then used to remove polysorbate 80 from the samples. 

Subsequently, samples were diluted 4-fold with phosphate buffer to ensure less than 2 M 

urea was present during the digestion. Proteolytic digestion was performed using trypsin 

at a 1:10 (w/w) enzyme to substrate, and the protein was digested overnight at 37 °C. To 

remove trypsin and collect the resulting peptides after the digestion, the samples were 

filtered through an Amicon® centrifugal filter with a 10 kDa molecular weight cutoff 

(#UFC501096, Millipore). The filtrate was collected, flash-frozen in liquid nitrogen, and 

stored at −20 °C until LC/MS/MS analysis. 

2.2.4. LC/MS of CL samples  

For online LC/MS/MS analyses, a sample containing approximately 2 μg of 

rituximab peptides was loaded on an Easy-NanoLC 1000 system (Thermo Scientific). 

The flow rate was set at 300 nL/min. An Acclaim PepMap C18 trap column (2 cm × 75 

μm, 3 μm, Thermo Scientific) was used for sample trapping and desalting. The separation 

of peptides was then performed using a FortisBIO C18 nanocolumn (15 cm x 75 μm, 1.7 

μm; Fortis Technologies). LC/MS-grade water (solvent A) and acetonitrile (solvent B), 
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each containing 0.1% formic acid, were used as mobile phases. A linear gradient of 

solvent B was increased from 0% B to 50% B over 90 min. A nanoelectrospray ionization 

was used as an ion source at a needle voltage of 2100 V (positive mode). Mass spectra 

were acquired on a Thermo Scientific Orbitrap Fusion mass spectrometer. Tandem mass 

spectrometry (MS/MS) was conducted using collision-induced dissociation (CID) on a 

linear quadrupole ion trap.  

2.2.5. CL/MS data analysis  

Details about a custom software pipeline designed specifically for protein DEPC 

CL/MS experiments were described previously.3145 Briefly, CID tandem mass spectra 

were searched against the sequence database to achieve peptide mapping with labeled site 

identification. The search parameters were set as follows: a precursor mass tolerance of 

10 ppm, a product ion tolerance of 0.5 Da, carbamidomethylation of Cys and DEPC 

modification of His, Lys, Ser, Thr, Tyr, and N-terminus (mass addition of 72.0211 Da) as 

variable modifications. For semi-quantitation of modification extent, peak areas of 

labeled and unlabeled species obtained from reconstructed ion chromatograms of each 

species are used to calculate percent labeling at each labeled site.  

2.2.6. HDX procedure  

Samples were aliquoted (15 μL) from a rituximab formulation stored at 4 °C and then 

were incubated at 45 °C, 55 °C, or 65 °C for 4 h in a temperature-controlled water bath. 

After incubation, samples were diluted to 3 mg/mL and cooled to 10 °C for 15 min prior 

to HDX. Control samples were diluted to 3 mg/mL, and then cooled to 10 °C for 15 min 

prior to HDX. 
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D2O was prepared in a 10 mM phosphate buffer. The pD was adjusted via a pH meter 

corrected by the following relationship: pD = pH reading + 0.41.81 HDX experiments 

were conducted using the Leap HDX Automation Manager as part of the Waters 

nanoACQUITY UPLC system (Waters Corporation, Milford, MA, USA). The HDX 

procedure, including the exchange reaction, quench, proteolytic digestion, LC separation, 

and MS conditions are detailed in the SI.  

A 3.0 µL aliquot of native or stressed rituximab sample was diluted into 57.0 µL D2O 

buffer and allowed to exchange for various lengths of time ranging from 10 s to 24 h at 

10 °C. At the end of each exchange period, the reaction was quenched by mixing the 

sample with a quenching buffer (1:1, v/v) that contained 4 M GnHCl, 0.5 M TCEP, and 

200 mM Na2PO4 in water (pH = 2.5) at 1 °C for 5 min. After the quench step, the sample 

was transferred and injected into the Waters ACQUITY UPLC System. 

2.2.7. LC/MS of HDX samples  

Online digestion was performed using a Waters ENZYMATE immobilized pepsin 

column (ID: 2.1 length: 30 mm) at high pressure (~11000 psi) and 10 °C. The proteolytic 

peptides were collected by a trap column (HSS T3 pre‐column, 100 Å, 1.8 µm, 2.1 mm X 

5 mm, Waters) for 4.5 min at 0 °C. Then, trapped peptides were eluted into a Waters 

ACQUITY C18 column (2.1 x 50 mm, 1.8 µm). The LC separation was conducted using 

binary solvent system; solvent A was water with 0.1% formic acid at pH 2.5, and solvent 

B was acetonitrile with 0.1% formic acid. The separation was carried out at 0 °C with a 

linear gradient that was increased from 5% B to 35% B over 7 min. The column was then 

washed by increasing from 35% B to 85% B in 1 min at a flow rate of 40 µL/min. The 
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eluent was then directed into a Waters SYNAPT G2Si mass spectrometer for analysis in 

MSE mode over the m/z range of 50‐2000. 

2.2.8. HDX Data Analysis 

The deuterium uptake level of each measured peptide at different exchange time 

points was automatically calculated using the Waters DynamX 3.0 software. Each 

peptide was manually inspected. Sequence coverage is >80% for all conditions. Averaged 

values from triplicate experiments with propagated error are reported. The reported 

deuterium uptake values are not corrected for back‐exchange. Back exchange 

experiments were performed as described previously, and back exchange ranged from 30 

to 50% for the measured peptides.33 The relatively long quench times (i.e. 5 min) and 

high pressure digestion conditions facilitate protein digestion at the expense of higher 

back exchange. However, back exchange was still within an acceptable range.33 

Differences in exchange at the peptide level comparing native and heat stressed states 

were calculated in Excel for peptides that had 4 or more time points in at least 2 trials. 

Peptides were found to be statistically different if they were 3σ outside of the average of 

all differences for all time points and for all peptides. For the 45 °C samples, the ∆D that 

indicated significant difference was found to be 0.21 Da. For 55 °C, the value was 0.30 

Da, and for 65 °C it was 0.46 Da. Peptides were further validated as significant by 

calculating their deuterium uptake change on a per residue basis (∆D / # of exchangeable 

residues in peptide), with peptides being considered significantly different if they were 

3σ outside the average of the per residue change. The peptides that were significantly 

different by absolute difference in deuterium uptake and per residue difference in 

deuterium uptake were consistent with each other for 45 °C and 55 °C; however, for the 
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65 °C data, some peptides that were found to be different by absolute value were not 

significantly different on a per residue basis. These peptides were still considered 

different, as no peptide was significantly different on only a per residue basis. The ion 

intensities of the peptides that exhibited two different exchange distributions were 

exported to the program Origin, and multiple peak fitting was used to fit separate 

Gaussians to each distribution so that the exchange rates could be determined. 

2.2.9. Circular Dichroism (CD) Spectroscopy  

Far-UV CD analyses were performed on a Jasco J-1500 spectropolarimeter. 200-

μL of 1 μM rituximab in 50 mM phosphate buffer at pH 7.4 were transferred to a quartz 

cuvette. Heated samples were cooled to 37 °C prior to analysis. CD spectra were recorded 

over a scan range of 250 to 195 nm at room temperature. A scan resolution of 0.5 nm, 

scan rate of 20 nm/min, band width of 2 nm, and digital integration time of 1 s were used. 

Measurements were performed in triplicate for each sample. Raw CD outputs (θ, degree) 

were converted into mean residue ellipticity using the following equation.  

[θ]MR(degree cm2dmol−1) =
100 × θ (millidegree)

C(mol L−1 × N × l(cm)
 

where [θ]MR is mean residue ellipticity in deg cm2 dmol-1, θ is raw signal output in mdeg, 

C is rituximab concentration in molarity, N is the number of amino acid residues, and l is 

path length of the cuvette in cm.  
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2.2.10. Dynamic Light Scattering (DLS) 

 Hydrodynamic radii of native and stressed rituximab were measured using a 

Malvern Zetasizer ZSP DLS system. 1 mL of a 1 μM rituximab sample in 50 mM 

phosphate buffer, at pH 7.4, and room temperature was placed in a plastic cuvette. Back 

scattering was detected at a measurement angle of 173ᴼ, and volume particle size 

distribution of the sample was recorded. Measurements were performed in quintuplicate 

at room temperature. Measurement duration was set to automatic mode.  

2.2.11. Size-Exclusion Chromatography (SEC) 

 SEC separation of rituximab after heating was performed at room temperature on 

an Agilent 1260 Infinity HPLC system using a TSKgel SuperSW3000 column (30 cm x 

7.8 mm ID, 5 μm particle size; Tosoh Bioscience LLC). 50 μg of rituximab diluted to 1 

mg/mL in 50 mM phosphate buffer at pH 8.0 was loaded on the SEC column. The mobile 

phase used was 50 mM sodium phosphate, 400 mM sodium perchlorate, and 10% 

isopropanol, at pH 6.5. An isocratic flow rate of 0.5 mL/min was used. The variable 

wavelength UV detector was set at 280 nm for detection.  

2.2.12.  Alamar Blue Assay 

 Rituximab samples were incubated at the desired temperatures prior to analysis. 

The conditions used for this assay were derived from Zhang et al. 34 In brief, Raji cells 

(ATCC CLL-86) were grown in a T75 flask using RPMI media supplemented with fetal 

bovine serum. Once confluent, cells were washed with phosphate-buffered saline (PBS) 

and diluted to 1 x 106 cells/mL in RPMI media. 10 μL of control or heat-treated 

rituximab (4 ng/mL) in RPMI media was added to 90 μL of cells in a 96-well plate. 
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Plates were incubated for 30 min at 37 °C, then each well was supplemented with 10% 

InvitrogenTM normal human serum (#31876, Thermo Fisher Scientific). Plates were 

returned to 37 °C for 4 h. Then 11 μL of InvitrogenTM Alamar Blue reagent (#DAL1025, 

Thermo Fisher Scientific) were added and fluorescence signals were read after 1 h using 

an excitation wavelength of 560 nm and emission of 590 nm. Data were collected using a 

Synergy H1 microplate reader (BioTek) and exported to Microsoft Excel for analysis. 

Triplicate measurements were performed on each sample, and independently generated to 

confirm trends were the same.  

2.2.13. Rituximab bridging ELISA  

Custom rituximab ELISA plates were generated as previously described in Cragg 

et al.35 and Hampson et al.36 with some alterations. In brief, antihuman capture antibody 

(clone SB2H2 recognizing the Fc region of human antibody, #MCA2531, Biorad) was 

diluted 1 to 1000 in coating buffer (15 mM sodium carbonate, 28.5 mM sodium 

bicarbonate, pH 9.6), and 100 μL was added to each well of a 96-well NUNC MaxiSorp 

flat-bottom plate (#44-2404-21, Thermo Fisher Scientific). Plates were incubated at 4 °C 

overnight, then blocked with 200 μL of 1% bovine serum albumin in PBS for 2 h. Prior 

to use plates were washed three times with PBS containing Tween® 20 (PBST). For the 

rituximab standard curve generation and quantitation, samples were diluted in PBST at 

the concentrations indicated (1 to 500 ng/mL rituximab). 10 ng/mL rituximab was used 

for the binding assay. Prior to an analysis, rituximab samples were incubated at different 

temperatures. 100 μL of sample was added to each well and incubated at room 

temperature for 1 h. Wells were then washed with PBST five times. Horseradish 

peroxidase (HRP)-labeled anti-rituximab detection antibody (clone MB2A4 anti-idiotypic 
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antibody, #MCA2260P, Bio-Rad) was added at a 1:60,000 dilution in blocking buffer. 

Samples were incubated for 90 minutes, then washed with PBST five times. Plates were 

then developed for 45 min using 100 μL of HRP substrate, and the developing was 

stopped with the addition of 50 μL of 3 M sulfuric acid. Data was collected on a Synergy 

H1 microplate reader (BioTex) measuring absorbance at 450 nm and normalized against 

the absorbance at 630 nm to correct for background signal. The results were exported to 

Microsoft Excel for analysis. Each sample was generated in triplicate independently. 

2.2.14. Raji Cell Pull-Down Assay  

Rituximab samples were preheated at the desired temperatures. Control and heat-

treated rituximab were diluted to 200 ng/mL in PBS and mixed 1:1 with either Raji cells 

(1 x 106 cells/mL) in PBS or PBS alone as a control for a final concentration of 100 

ng/mL. Free rituximab was quantified using the ELISA plates and normalized against the 

control wells. Absolute quantitation was performed using standard curves generated from 

each heat-treated sample independently to confirm quantitation was in the linear part of 

the standard curve. 

2.3.  Results  

2.3.1. Heat stress at 45°C for 4 h 

HDX and DEPC-CL with MS detection were used to identify any HOS changes 

experienced by rituximab after heat stress. Each heavy chain/light chain dimer of 

rituximab contains 236 total His, Lys, Tyr, Thr, and Ser residues that can be labeled by 

DEPC (Table B.1). After heating the protein at 45 °C for 4 h and then reacting it with 

DEPC, we find 154 residues are labeled, but only 17 undergo a significant change in 
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labeling extent in comparison to the unheated (i.e. 37 °C) state (Table 2.1). These 17 

residues are scattered throughout the protein and do not cluster in any one location 

(Figure 2.1A). Moreover, 12 of these 17 residues are Ser, Thr, and Tyr, whose CL 

reactivity with DEPC is influenced by the microenvironment around these residues,24 

suggesting the changes in reactivity are primarily due to the re-orientation of these side 

chains. The majority of the remaining five Lys and His residues that undergo changes are 

found to increase in labeling, which is consistent with mild heating leading to minor 

structural changes in some protein molecules that cause higher solvent exposure of these 

residues. These minor structural changes, however, do not cause any significant changes 

in HDX between the 45 °C heated and native states (Figure 2.1B and Figure 2.2). 

Importantly, three of the 87 peptides used for the HDX/MS analysis exhibit two exchange 

distributions in both the stressed and the native state, indicating that at least two different 

conformations of rituximab exist in solution (Figure 2.3). However, these three peptides 

do not show any significant difference between the 45 °C stressed and native conditions. 

Additionally, activity and biophysical assays show no significant change in rituximab 

upon heating at 45 °C for 4 h (Figure 2.4Figure 2.5). Overall, it appears that the 

structure of rituximab is not significantly altered after 4 h of heat stress at 45 °C.  
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Figure 2.1: DEPC CL/MS and HDX/MS results of heat stressed (4 h at 45 °C) 

rituximab. (A) DEPC CL changes. Residues depicted in red represent increases in CL 

extent while residues in blue represent decreases in CL extent. Representative plots of 

change in labeling extent are shown for residues Ser158 and Lys396. Dark gray indicates 

the native state while the light gray indicates the heat stressed state. Changes are scattered 

throughout the entire protein with no clustering, which indicates a lack of substantial 

HOS changes. Atomic coordinates of an existing IgG1 Fab crystal structure (PDB 1FC2) 

and a generic IgG1 Fc crystal structure (PDB 2IG2) were used as templates to generate 

the rituximab structure, with the hinge region theoretically modeled.37 The Fc (PDB 

4W4N) and Fab (PDB 4KAQ) structures of rituximab were then aligned to the template, 

using the molecular visualization system PyMOL. For clarity, CL on only one light chain 

and one heavy chain are indicated. (B) Representative deuterium uptake plots from 

HDX/MS of rituximab after heating at 45 °C. The unheated state is shown in black, and 

the heat-stressed state is shown in red. No measurable difference in deuterium uptake is 

observed.  
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Light Chain 

 

Heavy Chain 

 

Figure 2.2: Sequence coverage for HDX/MS analysis at 45 °C heat stress. Peptides 

included in our analysis appear in both stressed and native samples in at least two of three 

trials that were conducted. Coverage for trials 1, 2, and 3, were 91.5%, 90.1% and 93.5% 

for the light chain, and 81.8%, 78.0%, and 79.5% for the heavy chain, respectively. 

Region 202-245 in the heavy chain lacks coverage. This region spans the hinge region of 

the antibody and contains two disulfide bonds which could result in lower digestion 

efficiency. However, since there was no detectable difference in any peptide from the 45 

°C stress condition to the native condition, we do not believe this region would have 

provided any more insight into our HDX data interpretation. 
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Figure 2.3: Mass spectra for the HDX over time of the peptide 135-160 after heating 

rituximab to 45 °C. (A) Stacked spectral plots of the +4 charge state with the native 

condition on the left and the heat-stressed condition on the right. The 1- and 4-h time 

points demonstrate two distinct exchange distributions, one a fast-exchanging 

conformation and the other a slow-exchanging conformation.  
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Figure 2.4: Activity assay data for heat stressed rituximab. Structural perturbations in 

the Fc region are assessed by (A) a bridging ELISA that measures rituximab Fc binding to 

a capture antibody and (B) an Alamar blue assay that measures complement dependent 

cytotoxicity (CDC), thereby revealing structural changes in the Fc. Structural integrity of 

Fab is investigated with (C) a Raji cell pull-down assay that measures Fab binding to CD-

20 antigen on B cells. Each assay was performed in triplicate (n=3). The means of the 

stressed vs. controlled were compared for each heat stress condition using student t-test at 

95% confidence level. 
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Figure 2.5: Far-UV circular dichroism (CD) spectroscopy characterization of 

rituximab at 37°C (native, black) and thermally-stressed conditions, after incubation of 

the rituximab formulation at 45°C for 4 h (red), 55°C for 4 h (blue), and 65°C for 4 h 

(green). The nearly identical overlap of the spectra of the native and 45°C and 55°C heat-

stressed samples indicate that CD is insensitive to any structural changes in rituximab 

upon heating at the lower temperatures. CD is able to detect structural changes at 65°C; 

however, CD cannot localize where these changes take place.  
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Table 2.1: Table of significant changes in DEPC labeling extent under different heat-

stress conditions. 

Residue Native Stressed 

45 °C for 4 h 

Light chain 

Ser155 5 ± 2% 9 ± 4% 

Ser158 5 ± 2% 9 ± 4% 

Ser161 5 ± 2% 9 ± 4% 

Ser181 1.0 ± 0.5% 0.31 ± 0.06% 

Heavy chain 

Ser76 26 ± 7% 6 ± 4% 

Ser77 14 ± 4% 2 ± 2% 

Lys137 0.05 ± 0.02% 0.2 ± 0.1% 

Ser140 0.3 ± 0.2% 0.06 ± 0.03% 

Thr143 0.3 ± 0.2% 0.07 ± 0.04% 

Ser194 0.04 ± 0.02% 0.2 ± 0.1% 

Lys226 40 ± 10% 73 ± 20% 

Thr293 7 ± 3% 20 ± 10% 

Lys294 7 ± 3% 20 ± 10% 

Thr370 8 ± 1% 14 ± 4% 

Lys374 8 ± 1% 14 ± 4% 

Lys396 0.2 ± 0.1% 0.05 ± 0.02% 

Ser448 17 ± 2% 26 ± 4% 

55 °C for 4 h 

Residue Native Stressed 

Light chain 

Thr20 17 ± 4% 8 ± 2% 

His33 0.08 ± 0.02% 0.20 ± 0.02% 

Lys44 0.06 ± 0.02% 0.15 ± 0.01% 

Thr73 50 ± 10% 86 ± 3% 

Ser75 50 ± 10% 86 ± 3% 

Thr84 1.3 ± 0.2% 2.6 ± 0.5% 

Tyr85 1.3 ± 0.2% 2.6 ± 0.5% 

Thr91 0.03 ± 0.02% 0.10 ± 0.01% 

Thr128 5 ± 1% 3.1 ± 0.3% 

Ser130 5 ± 1% 3.1 ± 0.3% 

Tyr185 23.5 ± 0.3% 27 ± 2% 

His188 55 ± 2% 64 ± 3% 

Heavy Chain 

Lys13 2.7 ± 0.5% 3.7 ± 0.3% 

Ser21 24 ± 4% 11 ± 4% 

His35 23 ± 3% 4 ± 1% 

Lys38 30 ± 2% 22 ± 3% 

Lys74 79 ± 4% 87 ± 1% 
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Ser76 2.4 ± 0.2% 1.5 ± 0.2% 

Thr118 71 ± 3% 59 ± 7% 

Ser120 84 ± 2% 70 ± 7% 

Ser164 0.002 ± 0.001% 0.016 ± 0.005% 

Lys226 33 ± 7% 72 ± 5% 

Thr293 38 ± 6% 85 ± 8% 

Ser302 38 ± 3% 16 ± 6% 

Tyr353 0.4 ± 0.6% 14 ± 2% 

Thr363 0.006 ± 0.002% 0.012 ± 0.003% 

Ser368 0.02 ± 0.02% 0.18 ± 0.01% 

Ser407 15 ± 4% 30 ± 6% 

Tyr411 7 ± 5% 20 ± 4% 

Ser448 70 ± 10% 92 ± 4% 

Lys451 40 ± 30% 79 ± 7% 

65 °C for 4 h 

Residue Native Stressed 

Light chain 

Ser5 0.03 ± 0.01% 0.01 ± 0.01% 

Tyr70 14 ± 5% 2 ± 2 % 

Thr101 0.18 ± 0.01% 0.07 ± 0.05% 

His197 0.11 ± 0.03% 0.6 ± 0.2% 

Heavy Chain 

His35 23 ± 3% 11 ± 3% 

Lys67 23 ± 7% 70 ± 20% 

Lys74 79 ± 4% 52 ± 8% 

Ser77 0.01 ± 0.01% 0.03 ± 0.01% 

Thr118 71 ± 3% 55 ± 5% 

Ser120 84 ± 2% 69 ± 4% 

Ser161 1.8 ± 0.2% 1.2 ± 0.2% 

Ser196 0.01 ± 0.00% 0.08 ± 0.02% 

Thr199 0.01 ± 0.00% 0.05 ± 0.02% 

His208 0 ± 0% 0.04 ± 0.01% 

Ser211 0 ± 0% 0.21 ± 0.02% 

Ser258 5 ± 2% 1 ± 1% 

Ser302 38 ± 3% 10 ± 10% 

Thr363 0.006 ± 0.002% 0.002 ± 0.001% 

Ser428 0.86 ± 0.08% 0.4 ± 0.2% 

His439 5.4 ± 0.9% 2.5 ± 0.3% 

Tyr440 0.02 ± 0.01% 0.01 ± 0.01% 

Lys451 40 ± 20% 5 ± 5% 
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2.3.2. Heat stress at 55 °C for 4 h 

After heating rituximab at 55 °C for 4 h, changes in DEPC CL ( 

 

 

Table B.2) are primarily clustered in the Fab region, with scattered CL increases in the 

Fc region (Figure 2.6A). Out of the 236 labelable residues, 133 are labeled, while 31 

undergo a significant change in labeling extent upon heat stress. Like the 45 °C heat 

stress condition, the majority (70%) of residues that undergo CL changes are Ser, Thr, 

and Tyr residues ( 

 

 

Table B.2). Most of the remaining His and Lys residues that change in labeling 

undergo increased CL, which one would expect upon heating, as some protein molecules 

partially unfold and have increased side chain solvent accessibility. The His and Lys 

residues that have increased CL mostly reside in the Fab and hinge regions. HDX/MS data 

show that one region of the protein, 148-171, in the CL domain undergoes increased 

deuterium uptake (Figure 2.2B andFigure 2.7). The differences in deuterium uptake of 

this peptide disappears after 24 h of exchange. Identical deuterium exchange after 24 h, 

while having differential uptake at shorter exchange times (i.e. 1 and 4 h), is consistent 

with increases in protein dynamics, which likely occur upon protein heating.  
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Closer inspection of the HDX data reveals that eight out of the 80 peptides are found 

to have two exchange distributions, again suggesting two conformations in solution. 

Three of these peptides come from the C-terminal end of the light chain, four come from 

the C-terminal end of the heavy chain, and one is from the middle of the CH1 domain. 

These two distributions can be separated into “slow exchangers” and “fast exchangers” 

(Figure 2.8Figure 2.9), yet we find no significant differences between the slow and fast 

exchangers for these peptides upon comparing the native and 55 °C stress states. So, even 

if new protein conformations are populated in these regions upon heating at 55 °C, they 

are not readily resolvable by HDX/MS. Only the region spanned by 148-171 in the CL 

domain undergoes a significant change in exchange. The change in HDX in this one 

location and the changes in DEPC labeling extent are supported by activity assays that 

show significant changes in Fab activity. The activity assay results for the Fc region are 

somewhat ambiguous (Figure 2.4), and circular dichroism spectroscopy is insensitive to 

these changes at 55 °C (Figure 2.5). 
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Figure 2.6: DEPC CL/MS and HDX/MS of heat stressed (4 h at 55 °C) rituximab. 

(A) DEPC CL and HDX changes. Residues depicted in red represent increases in CL 

extent while residues in blue represent decreases in CL extent. Residues that undergo 

changes in CL extent are clustered in the Fab (circled with a dotted black line). 

Representative plots of CL/MS changes in labeling extent are shown for residues Lys226, 

Thr20, and Ser407. Dark gray indicates the native state while the light gray indicates the 

heat stressed state. Highlighted in orange on the structure is the peptide that undergoes 

increased HDX. Details of the molecular model of rituximab are found in the Figure 2.1 

caption. For clarity, only labeling on one heavy chain and one light chain is shown. (B) 

Deuterium uptake plot from HDX/MS of rituximab after heating at 55 °C for peptide 

148-171 that experiences a significant change in uptake. The unheated state is in black, 

and the heat-stressed state is shown in red. (C) Representative deuterium uptake plot from 

HDX/MS of rituximab after heating at 55 °C for peptide 353-368 that does not 

experience a significant change in uptake. The unheated state is in black, and the heat-

stressed state is shown in red. Peptides were found to be statistically different if they were 

3σ outside of the average of all differences for all time points and for all peptides.  
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Figure 2.7: Sequence coverage for HDX/MS analysis at 55 °C heat stress. Peptides 

included in our analysis appear in both stressed and native samples in at least two of three 

trials that were conducted. Coverage for trials 1, 2, and 3, were 96.2%, 90.6% and 89.7% 

for the light chain, and 77.3%%, 89.6%, and 91.4% for the heavy chain, respectively.  
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Figure 2.8: Mass spectra for the HDX over time of peptide 194-213 after heating 

rituximab to 55 °C. (A) Stacked spectral plots for +3 charge state of C-terminal peptide 

194-213 with the native condition on the left and heat-stressed state on the right. All time 

points have two distinct exchange distributions, one a fast-exchanging conformation and 

the other a slow-exchanging conformation. In this case the fast-exchanging conformation 

is significantly more intense than the slow-exchanging conformation (B) Deuterium 

uptake plot for fast and slow exchanging conformations. The stressed state is depicted in 

red and the native state in black. 
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Figure 2.9: Mass spectra for the HDX over time of peptide 122-148 after heating 

rituximab to 55 °C. (A) Stacked spectral plots for +3 charge state of peptide 122-148 

with the native condition on the left and heat- stressed condition on the right. In this case 

the slow-exchanging conformation is significantly more intense than the fast-exchanging 

conformation (B) Deuterium uptake plot for fast and slow exchanging conformations. 

The stressed state is depicted in red and the native state in black. The two different 

distributions are indistinguishable until 1 h of incubation time, and thus, time points 10 s, 

30 s, 1 min, and 10 min are a combined for both conformations with a bias towards the 

slow-exchanging conformation as that conformation is more abundant. 
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2.3.3. Heat stress at 65 °C for 4 h 

After heating rituximab at 65 °C for 4 h, significant structural changes are apparent 

from both DEPC CL/MS (Table B.3) and HDX/MS results. Visually, the solution 

becomes cloudy, which is indicative of protein aggregation, but this cloudiness mostly 

disappears upon dilution for the labeling experiments. Moreover, dynamic light scattering 

and size-exclusion chromatography experiments reveal the existence of larger molecules 

in solution, further confirming aggregation (Figure 2.11). Because the measured 

sequence coverage is comparable for the 45 °C, 55 °C, and 65 °C experiments, we do not 

feel that the observed aggregation has affected our results significantly.  

While 65 °C is below the melting temperature of rituximab, the protein was heated at 

this temperature for 4 h to cause significant structural changes that we expected to be 

measurable by the two MS techniques.3882 Significant changes in CL extent are observed 

for 22 residues, and six peptides are found to undergo significant changes in deuterium 

uptake. Of the 22 residues, seven increase and 15 decrease in CL, while two of the six 

peptides increase in HDX and four decrease (Figure 2.10). Notably, one of the two 

peptides that increases in exchange is the same peptide (i.e. 148-171) that increases in 

exchange when heated at 55 °C, suggesting this part of the protein is prone to unfolding 

or increased dynamics after heating (Figure 2.12).  

Additionally, seven of the 128 peptides considered in the HDX analysis have two 

exchange distributions, indicating multiple conformations (Figure 2.13Figure 2.14, 

Figure 2.15). In two of the seven peptides that display multiple conformations, the slow-

exchanging conformation becomes more abundant after heating, which is consistent with 

these sites becoming buried due to aggregation in a fraction of the protein molecules. 



54 
 

Considering the data overall, the results from CL/MS and HDX/MS are generally 

consistent with each other (Table 2.2). The relatively few increases in CL and deuterium 

uptake occur in the Fab region, while decreases are measured throughout the protein 

(Figure 2.10A and B). The prevalence of decreased labeling and exchange is expected 

due to the protein aggregation that occurs at this temperature. 

While the CL/MS and HDX/MS results are mostly consistent, a closer inspection of 

the 65 °C data provides a useful comparison of the information provided by the two 

techniques. Residues that undergo changes in DEPC labeling are located within regions 

that have either (i) no coverage by HDX, (ii) no change in HDX, (iii) the opposite change 

as HDX, or (iv) the same change as HDX (Table 2.2). While we have excellent protein 

sequence coverage (> 80%) in our HDX/MS experiments (Figure 2.16), two of the 22 

residues that undergo changes in CL are in regions lacking coverage by HDX/MS, 

making it difficult to compare the data for these residues. Fifteen of the residues that 

undergo CL changes are in regions with no change in deuterium uptake, with five having 

increased CL and the other 10 undergoing decreased labeling. The CL decreases are 

mostly for Ser, Thr, or Tyr residues, which are sensitive to changes in the side chain 

microenvironment. This inherent sensitivity to changes in microenvironment may explain 

why CL changes are observed and HDX changes are not. The CL reactivity of Ser, Thr, 

and Tyr residues is exquisitely sensitive to changes in microenvironment, as is seen in the 

45 °C data, whereas more substantial structural changes are necessary to result in 

measurable changes in HDX/MS.39 
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Table 2.2: Comparison of HDX and CL changes 

 

Only one residue, Thr101, undergoes a change in CL that appears to be the opposite 

of the HDX results. Thr101 undergoes decreased CL and is located in a peptide (94-103) 

in the heavy chain that increases in deuterium uptake after heating. Two other residues in 

the protein region spanned by this peptide are also covalently labeled, but their CL 

changes are statistically insignificant (i.e. Thr96 [2.0 ± 0.6% to 4 ± 2%] and Lys102 [0.08 

± 0.02% to 0.04 ± 0.02%], see Table B.3). The CL increase for Thr96 might be 

consistent with the HDX increase in this protein region, but the poor measurement 

precision for this residue does not allow us to draw this conclusion with confidence.  

Finally, four residues undergo CL changes that are consistent with the HDX results. 

Ser428, His439, Tyr440, and Lys451 undergo a decrease in CL after heating at 65 °C, 

and a peptide measured by HDX/MS that spans this region of the heavy chain (428-450) 

also undergoes a decrease in deuterium uptake. This peptide exhibits both slow and fast-

exchanging distributions in the native and heat-stressed states. Interestingly, only the 

slow-exchanging distribution decreases in exchange in the stressed state, while the fast-

exchanging distribution increases in exchange in the stressed state. Furthermore, this 28-

Covalently labeled 

residues that fall within 

peptides that have: 

Sites of CL Increases Sites of CL Decreases 

Light 

Chain 
Heavy Chain 

Light 

Chain 
Heavy Chain 

No Change in HDX His197  

Lys 67, 

Ser196, 

Thr199, 

His208 

Ser5, 

Tyr70, 

His35, Lys74, 

Thr118, Ser120, 

Ser161, Ser258, 

Ser302, Thr363 

Opposite change as 

HDX 
None Thr101 None 

Same change as HDX None None 
Ser428, His439, 

Tyr440, Lys451 

No HDX coverage None 
Ser77,  

Ser211 
None 
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residue region of the protein contains nine residues that are covalently labeled (Table 

B.3). Unlike Ser428, His439, Tyr440, and Lys451, five residues (Ser430, His433, 

His437, Lys443, and Ser448) do not undergo statistically significant changes in labeling. 

These observations point to a mixture of conformations and some complex structural 

changes to this region of the protein.  
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Figure 2.10: DEPC CL/MS and HDX/MS of heat stressed (4 h at 65 °C) rituximab. 

(A) Increases in DEPC CL extent and HDX uptake. Residues depicted in red represent 

increases in CL extent while peptides highlighted in orange represent increases in 

deuterium uptake. Representative plots of change in labeling extent are shown for 

residues Lys67 and His197. Dark gray indicates the native state while the light gray 

indicates the heat stressed state. (B) DEPC CL/MS and HDX/MS decreases. Residues 

depicted in blue represent increases in CL extent while peptides highlighted in cyan 

represent increases in deuterium uptake. Representative plots of change in labeling extent 

are shown for residues Lys74 and Thr363. Dark gray indicates the native state while the 

light gray indicates the heat stressed state. (C) Expanded view of the CH3 region where 

decreases overlap from both methods. (D, E) Representative deuterium uptake plots from 

HDX/MS of rituximab after heating at 65 °C. The unheated state is shown in black, and 

the heat-stressed state is shown in red. Peptides were found to be statistically different if 

they were 3σ outside of the average of all differences for all time points and for all 

peptides. 
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Figure 2.11: Biophysical characterization to confirm aggregation of heat stressed 

rituximab. Size exclusion chromatography (SEC) of rituximab at 37 °C (native, black) 

and thermally stressed conditions (A) 45°C for 4 h, (B) 55°C for 4 h, (C) and 65°C for 4 

h. The existence of large molecular weight entities in the 65 °C heat-stressed samples 

indicates aggregation. (D) Dynamic light scattering shows an increase in particle size 

after 65 °C heat stress (green); however, no significant changes at 45°C (red) or 55°C 

(blue) are observed, indicating aggregation does not occur at the lower temperatures. 
 

 
Figure 2.12: Representative deuterium uptake plot from HDX/MS of rituximab 

after heating at 65 °C for peptide 148-171 that experiences a significant change in 

uptake at 24 hours. The unheated state is in black, and the heat-stressed state is shown 

in red. Peptides were found to be statistically different if they were 3σ outside of the 

average of all differences for all time points and for all peptides.  
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Figure 2.13: Mass spectra for the HDX over time of peptide 10-24 after heating 

rituximab to 65 °C. (A) Stacked spectral plots for +2 charge state of peptide 10-24 with 

the native condition on the left and heat-stressed state on the right. All time points have 

two distinct exchange distributions, one a fast-exchanging conformation and the other a 

slow-exchanging conformation. (B) Deuterium uptake plot for fast and slow exchanging 

conformations. The stressed state is depicted in red and the native state in black. The fast-

exchanging conformation shows no difference between the stressed and native conditions 

while the slow-exchanging conformation indicates a decrease in exchange in the stressed 

condition.  
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Figure 2.14: Mass spectra for the HDX over time of peptide 195-213 after heating 

rituximab to 65 °C (A) Stacked spectral plots for +3 charge state of C-terminal peptide 

195-213 with the native condition on the left and heat-stressed state on the right. All time 

points have two distinct exchange distributions, one a fast-exchanging conformation and 

the other a slow-exchanging conformation. (B) Deuterium uptake plot for fast and slow 

exchanging conformations. The stressed state is depicted in red and the native state in 

black. There is no significant difference between the stressed and native states.  
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Figure 2.15: Mass spectra for the HDX over time of peptide 428-450 after heating 

rituximab to 65 °C (E) Stacked spectral plots for +3 charge state of C-terminal peptide 

428-450 with the native condition on the left and heat-stressed state on the right. (F) 

Deuterium uptake plot for fast and slow exchanging conformations. The stressed state is 

depicted in red and the native state in black. The two different distributions are 

indistinguishable for time points 10 s, 30 s, 1 min, and 24 h, and thus these points are not 

shown. There is a significant decrease in exchange in the stressed state in the slow-

exchanging conformation and a significant increase in exchange in the stressed state in 

the fast-exchanging conformation. 
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Light Chain 

 
Heavy Chain 

 
Figure 2.16: Sequence coverage for HDX/MS analysis at 65 °C heat stress. Peptides 

included in our analysis appear in both stressed and native samples in at least two of four 

trials that were conducted. Coverage for trials 1, 2, 3, and 4 were 100%, 95.3%, 94.8% 

and 92.0% for the light chain, and 67.8%, 64.2%, 79.6%, and 69.4% for the heavy chain, 

respectively.  
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Figure 2.17: Predicted aggregation hotspots of rituximab using (A) PASTA, (B) 

AGGRESCAN, and (C) TANGO. The primary sequence is used in all three algorithms to 

predict aggregation. PASTA and TANGO predict the stability of beta-sheet structures 

toward aggregation while AGGRESCAN predicts aggregation propensity for each 

residue and locates aggregation prone stretches of residues. All three methods indicate 

the CH2 domain as a likely hot sport of aggregation, consistent with thermal stability data 

that normally attributes the first thermal transition to the unfolding of the CH2 domain.17 

PASTA analysis indicates a significantly disordered region predicted in the CH3 domain 

where our data indicates aggregation. AGGRESCAN predicts a hot spot at residues 426-

432 which overlap with the CH3 domain where HDX and CL indicate aggregation. Our 

data suggest that the CH2 domain is not a likely location of aggregation as it contains only 

one peptide that decreases in HDX and one residue that decreases in DEPC-CL extent 

(S302).  
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2.4.  Discussion  

The work described here is one of the first studies that has used CL/MS and 

HDX/MS together to examine the same heat-stressed mAb. While a few other studies 

have reported oxidative labeling (e.g. FPOP)22,40 together with HDX/MS to analyze mAb 

structure and interactions, the use of DEPC as the labeling agent in this study provides a 

unique set of information for stressed mAbs because of the rate at which the reagent 

reacts with residue side chains. Our results support the idea that DEPC CL/MS can be 

more sensitive to subtle structural changes than HDX/MS. In addition, we demonstrate 

that the methods are complementary, as might be expected, but they also provide some 

synergistic information, yielding new insight not available from either technique alone.  

2.4.1. CL is more sensitive than HDX  

The CL/MS results for rituximab at 45 and 55 °C indicate that DEPC-CL is more 

sensitive to subtle HOS changes than HDX. After heating at 45 °C, no significant 

changes in HDX are detected, while 17 residues undergo changes in CL extent. About 

70% of the changes in DEPC-CL are residues that are weakly nucleophilic, namely Ser, 

Thr, and Tyr. The sensitivity of DEPC CL/MS to subtle structural changes is primarily 

due to how the reactivity of weakly nucleophilic Ser, Thr, and Tyr residues are influenced 

by small changes in their microenvironment. Previous studies have demonstrated that 

unlike the more highly nucleophilic residues, His and Lys, the reactivity of Ser, Thr, and 

Tyr are not dictated primarily by their solvent exposure.3936 Instead, a partially exposed 

hydrophobic microenvironment increases the reactivity of these weakly nucleophilic 
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residues by increasing the local concentration of hydrophobic DEPC. If the 

microenvironment around a Ser, Thr, or Tyr becomes more hydrophilic because of side 

chain rearrangements or other HOS changes, the reactivity of the residue will decrease, 

thus leading to a lower extent of labeling even though the residue might have similar 

solvent exposure. Measurable changes in deuterium uptake in HDX require making or 

breaking of H-bonds along the backbone to bury or expose amide hydrogens. Such 

changes require more energy than simple side chain reorientations, explaining why no 

HDX changes are observed upon heating at only 45 °C. Together the HDX/MS and 

CL/MS data suggest structural changes at 45 °C are likely a result of some side chain 

orientation changes and not large-scale structural or dynamic changes. None of the 

structural changes is sufficient to cause any measurable change in rituximab activity 

(Figure 2.4) or circular dichroism signal (Figure 2.5). 

The DEPC CL/MS and HDX/MS data after heating at 55 °C further demonstrate the 

greater sensitivity of DEPC CL/MS to rituximab structural changes. Only one peptide has 

increased exchange in HDX, while CL changes are clustered in the antigen-binding 

region of the protein and scattered in the Fc region. The CL/MS, and not the HDX/MS 

data, is consistent with the Raji cell pull-down activity assay at 55 °C (Figure 2.4C), 

which indicates a significant change in the Fab region. Two other Fc-specific activity 

assays, the rituximab bridging ELISA and the Alamar blue assays, are somewhat 

ambiguous in whether significant changes are occurring in the Fc region. A small, but 

statistically significant change is detected in Fc binding from the bridging ELISA assay 

near 55 °C (Figure 2.4A), but the Alamar blue assay shows no significant change in the 

activity of the Fc region (Figure 2.4B). This discrepancy may reflect the scattered 
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changes in labeling extent in the CL/MS data from Fc region. The increase in HDX at 55 

°C is not reflected in the activity assays, as no significant changes in deuterium uptake 

are measured in the antigen-binding or Fc regions. This observation indicates that HDX is 

not sensitive to the structural changes that influence activity, in the same way CL/MS is. 

It may be that most of the changes detected by HDX/MS are changes in backbone 

dynamics that have little effect on the activity assays. The idea that HDX/MS is reporting 

on backbone dynamics is further supported by the fact that changes in deuterium uptake 

upon heating at 55 °C are no longer apparent after 24 h of exchange. After 24 h of 

exchange, regions that are less dynamic under native conditions can exchange fully, 

adding deuterium to the same extent as a region made more dynamic upon heating. The 

different responses of the two MS-based methods can perhaps be understood by 

appreciating that DEPC-based CL/MS is better at reporting on changes in side chain 

orientations, interactions, and solvent accessibility, whereas HDX/MS better measures 

backbone dynamics and backbone solvent accessibility. Since binding in the Fab region, 

as reported by the activity assays, is mostly mediated by side chain interactions, it is 

perhaps not surprising that DEPC-CL more sensitively detects these sorts of changes. 

2.4.2. Methods are complementary  

HDX/MS and CL/MS are complementary methods because HDX provides 

information about the backbone and CL monitors side chains. The full scope of the 

methods’ complementarity is especially apparent in the 65 °C heat-stress data. Overall, 

the structural information obtained from both methods is consistent, in that increases take 

place only in the Fab, while decreases take place throughout the protein, yet each method 

fills in gaps of information for the other. For example, locations where HDX/MS cannot 
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detect changes, but CL/MS can, is a good demonstration of complementarity. Upon 

heating at 65 °C, the VH domain undergoes no significant changes in HDX, but there are 

six residues (His35, Lys67, Lys74, Ser77, Thr118, and Ser120) that undergo significant 

changes in CL. The Raji cell pull-down assay shows substantial changes in Fab binding 

upon heating at 65 °C heat stress, which is consistent with the changes in CL in the VH 

domain. The lack of changes in the HDX/MS data in this region might indicate that 

changes in activity assay are entirely the result of side chain re-orientations and not 

significant backbone changes in this domain, which would undoubtedly lead to HDX 

changes. These data illustrate the advantage of using both methods to detect HOS 

changes. Clearly, if only HDX/MS had been used, structural changes in VH domain 

would not have been detected, even though they are substantial enough to affect the 

activity of rituximab.  

Locations where one method indicates an increase in labeling or exchange, while the 

other indicates a decrease in labeling or exchange could seem contradictory. However, 

these particular data demonstrate the complementarity of CL/MS and HDX/MS. Our data 

contain one example of apparently contradictory HDX/MS and CL/MS results. In the VL 

domain (Figure 2.10), there is a peptide that increases (94-103) in HDX, one that 

decreases (10-24) in HDX, and three residues that decrease in CL (Ser5, Tyr70, and 

Thr101). The apparent contradiction involves Thr101, which undergoes a CL decrease, 

while the relatively short peptide that spans this residue undergoes an increase in HDX. It 

is likely that the VL domain partially unfolds at 65 °C, leading to an increase in solvent 

exposure at peptide 94-103 and a decrease in solvent exposure around peptide 10-24 that 

is caused by aggregation or repacking of the hydrophobic core. The HDX data reveal that 
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residues 10-24 are in a region of conformational heterogeneity as there are two exchange 

distributions. The decreased deuterium uptake after heating is only observed in the slow-

exchanging conformation of the peptide, while the fast-exchanging conformation shows 

no difference in the stressed and native states (Figure 2.13). The differences in deuterium 

uptake for the peptide 10-24 persists even after 24 h of exchange, suggesting the HOS 

changes that take place might not be caused by changes in protein dynamics. The 

increase in solvent exposure at peptide 94-103 likely eliminates hydrophobic contacts 

with Thr101, creating a more hydrophilic microenvironment that decreases the CL of this 

residue.39 Structural changes that affect the microenvironment around Thr101 likely 

affect the positioning of residues Tyr70 and Ser5 as well. These residues undergo 

significant decreases in CL and are directly adjacent in 3D space to peptide 10-24, which 

also decreases in deuterium uptake (Figure 2.18). The decreases in both methods could 

be a result of a repacking of the hydrophobic core involving residues Leu11 and Ile10. By 

interpreting the complex changes detected in the VL domain by each method, we 

conclude that significant structural changes are taking place here upon heat stress. Data 

from both methods thus provide complementary information that yield a more complete 

picture.  
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Figure 2.18: Expanded view of the VL domain of rituximab and the CL/MS and 

HDX/MS changes that occur in this region upon heat stress at 65 °C for 4 h. Residues 

indicated in blue spheres undergo decreased CL upon heating. The strands in orange and 

cyan represent peptides that undergo increased or decreased HDX, respectively, upon 

heating. The peptide 10-24 becomes more solvent exposed, eliminating the hydrophobic 

microenvironment around Thr101, while peptide 94-103 experiences a decrease in 

solvent exposure as a result of aggregation or repacking of the hydrophobic core.  

 

2.4.3. Methods are synergistic  

When used together CL/MS can clarify ambiguous HDX/MS data, providing new 

information that neither method can provide alone. This synergism is a result of the 

differences in intrinsic reactions rates of each method. The intrinsic or chemical exchange 

rate of HDX is on the order of ms, which means HDX is sensitive to protein dynamic 

changes. In contrast, the intrinsic reaction rate of DEPC-CL is on the order of s to min 

and is not used in a time course, making DEPC-CL essentially blind to protein 

dynamics.29 Because of the differences in intrinsic reaction rates, DEPC-CL can clarify 

ambiguous HDX data, thus providing insight not accessible from HDX/MS. HDX/MS 
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data can sometimes be ambiguous because decreases in exchange can be the result of 

changes in dynamics or solvent accessibility. DEPC-CL/MS can be used to help 

determine which of these changes is taking place. 

After heating at 65 °C, HDX decreases are measured throughout protein (Figure 

2.10), yet few regions show overlapping decreases in both CL and HDX. As previously 

discussed, many of the labeling and exchange results provide complementary information 

(e.g. VH domain data), so positive correlations for the two methods yield additional 

information. One such region is the CH3 domain in which the peptide 428-450 undergoes 

significant HDX changes, and several residues in or near this region also undergo 

decreased CL. As indicated in the Results section, the protein region spanned by residues 

428-450 exists in two conformations, with the slow-exchanging conformation decreasing 

in deuterium uptake after heating and the fast-exchanging conformation increasing in 

uptake after heating (Figure 2.15). The decreased exchange in the slow-exchanging 

conformation together with the decrease in CL in this protein region and sample 

cloudiness upon heating at 65 °C suggests that protein aggregation is occurring in this 

domain. The conformational heterogeneity revealed by the HDX data indicates additional 

unique behavior for this protein region. The increased exchange of the fast-exchanging 

conformation suggest that some protein molecules unfold in the Fc region instead of 

aggregate.  

In the absence of other experimental data to confirm protein aggregation in the Fc 

region, we used several aggregation prediction algorithms to identify possible 

aggregation “hot spots” in rituximab. Aggregation hotspots that are identified by the 

algorithms PASTA, AGGRESCAN, and TANGO include regions of the CH2 domain, the 
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CL domain, and the CH3 domain (Figure 2.9).41-45 Our experimental results are only 

somewhat consistent with these theoretical predictions. The CH2 region is predicted to 

have the highest likelihood of aggregation, yet we only observe one peptide (268-281) 

that decreases in HDX and one residue (Ser302) that decreases in CL in this domain upon 

heating at 65 °C. A larger cluster of HDX/MS and CL/MS decreases would be expected 

if the CH2 domain were an aggregation site. It should be noted that PASTA and TANGO, 

which most definitively predict aggregation in the CH2 domain, are algorithms primarily 

used to predict amyloid-like aggregation. Thus, these algorithms may not be well suited 

for predicting mAb aggregation upon heating. Our HDX/MS and CL/MS data do not 

support the predicted aggregation in the CL domain. The region in the CL domain that is 

predicted to aggregate by AGGRESCAN and TANGO undergoes an increase in HDX 

upon heating at both the 55 and 65 °C (i.e. peptide 148-171). Moreover, The CL domain 

contains 18 labeled residues; however, only one has a significant change in labeling, and 

it is an increase in labeling (His196).  

AGGRESCAN and TANGO also indicate that there are aggregation “hot spots” in the 

CH3 domain. There is a cluster of residues in this domain that undergo decreased CL 

(Ser428, His439, Tyr440, Lys451) within a region that also undergoes decreased HDX 

(428-450), suggesting aggregation does occur at this site. HDX/MS data by itself might 

suggest the CH3 region as an aggregation site, but it would also indicate the CH2 domain as 

an aggregation site because the residues 268-281 in this domain undergo a significant 

decrease in exchange as well. However, there are three DEPC labelable residues in the 

span from 268 to 281, and none of them undergo a significant decrease in CL upon 

heating. Based on the reaction timescales of the two methods, a decrease in HDX that 
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does not coincide with a decrease in CL suggests reduced backbone dynamics, rather than 

a site of aggregation. Drawing this conclusion from the HDX/MS data alone would be 

difficult, although using much longer exchange times (≥ 24 h) can sometimes distinguish 

between decreased protein dynamics and aggregation. However, if the aggregated protein 

molecules are in equilibrium with un-aggregated protein molecules, as the multiple 

exchange distributions observed in the HDX data suggest, even longer exchange times 

might not accurately distinguish between aggregated sites and decreased protein 

dynamics. Additionally, it is possible that soluble aggregates become insoluble at longer 

times, rendering them undetectable by HDX at longer exchange times (>24 h). When 

considered together, the HDX/MS and CL/MS data indicate that predicted aggregation in 

the CH2 and CL domains is not observed experimentally, but the predicted aggregation in 

the CH3 domain is. Overall, the differences in intrinsic reaction rates of HDX and CL 

allow us to obtain clearer information about the structural and dynamic changes caused 

by heat stress to rituximab. 

2.5. Conclusions  

We have demonstrated here that HDX and DEPC-CL provide complementary, 

and sometimes synergistic, information about structural perturbations undergone by 

mAbs upon exposure to heat stress. We find that DEPC-CL uniquely detects subtle shifts 

in side chain orientation, as demonstrated by heating rituximab at 45 °C for 4 h. Upon 

this mild heating, changes in DEPC-CL/MS were detected throughout the protein, while 

no significant changes in HDX were measured. Under higher heat-stress conditions, 

results from the two methods complement one another. CL/MS can reveal changes in side 

chain orientation and solvent exposure that are not accompanied by changes in backbone 
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solvent exposure or dynamics. On the other hand, HDX/MS is sensitive to changes in 

backbone dynamics that are not accompanied by changes in side chain orientation or 

solvent exposure. This capability is exemplified by changes that are observed in the VL 

domain upon heating at 65 °C. Finally, under conditions that lead to aggregation, the two 

techniques work synergistically to identify likely aggregation sites. This synergy is a 

result of differences in the intrinsic reactions rates. The intrinsic reaction rate of HDX is 

fast enough for HDX/MS to report on changes in protein dynamics, while the slower 

intrinsic reaction rate of DEPC-CL and the way we apply it means this method is blind to 

changes in dynamics. Due to differences in their intrinsic reactions rates, DEPC-CL can 

be used to clarify ambiguous HDX/MS data, as demonstrated by changes in labeling and 

exchange in the CH3 and CH2 domain upon heating at 65 °C. Both domains contain 

peptides that undergo decreased HDX after heat stress, but only the CH3 domain also 

undergoes decreased DEPC-CL, indicating this region as a likely aggregation site. Given 

the complementarity of the two methods, HDX/MS and CL/MS together should be 

amenable for studies of the HOS perturbations of other protein therapeutics. Moreover, 

these methods should be applicable to epitope and paratope mapping studies and 

biosimilar evaluation, while providing deeper structural insight that could improve 

protein therapeutic design.  
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CHAPTER 3 

3. COVALENT LABELING MASS SPECTROMETRY WITH 

DIETHYLPYROCARBONATE FOR INVESTIGATING 

ANTIBODY/ANTIGEN INTERACTIONS  

3.1. Introduction  

Monoclonal antibody (mAb) based therapeutics are successful because of the high 

specificity and affinity between an antibody and its antigen.  Epitope mapping, which 

involves identifying the antigen residues that are recognized by the mAb, is vital for 

understanding binding mechanisms and helping design future therapeutics and vaccines.1  

Identifying the bound residues in the antigen and the features of the antigen’s higher 

order structure (HOS) that are necessary for specific binding are essential not only for 

understanding the mechanism of binding but also can be useful for intellectual property 

protection.  

Mass spectrometry (MS) has emerged as a promising tool for epitope mapping 

because of limitations in traditional tools, especially when studying intact antibody-

antigen complexes. Traditionally, X-ray crystallography and/or nuclear magnetic 

resonance (NMR) have been used to study protein-protein interactions due to their 

atomic-level resolution. However, X-ray crystallography is limited to proteins that can 

crystalize, requires lots of sample, and can be time-consuming, thereby limiting its 

throughput. NMR on high molecular weight protein complexes can be challenging, 

limiting its applicability for the routine analysis of mAb-antigen complexes. MS, on the 

other hand, requires low sample amounts, does not seem to be limited by molecular 

weight, and offers higher throughput analysis than either NMR or X-ray crystallography. 
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Various mass spectrometry tools have been developed for this purpose such as 

epitope excision and epitope extraction, hydrogen deuterium exchange (HDX) MS, and 

covalent labeling (CL) MS.2–7 Epitope excision and extraction methods are historically 

the most frequently used methods for MS based epitope mapping. In these methods, 

proteolytic digestion of the antigen is carried out either before (epitope extraction) or 

after (epitope excision) complexation with an antibody. In epitope extraction methods, 

specific recognition peptide(s) that are created by proteolytic digestion are then isolated 

by immunoaffinity methods and detected by MS.4,8 Epitope excision relies on digestion in 

the presence of the bound antibody, which prevents proteolysis on the parts of the antigen 

that are buried in the binding pocket thereby allowing conformational epitopes to be 

identified when combined with MS.4  However, epitope excision and extraction 

techniques are limited in their resolution, usually providing only peptide level resolution. 

Moreover, while these methods are capable of finding linear epitopes, they are not as 

useful at finding discontinuous epitopes.  

More recently, HDX/MS has been used to study antibody-antigen interactions, as it 

can provide more precise mapping of the contact sites.3,9–11 In HDX, proteins are 

incubated in D2O, which results in exchange of hydrogens on heteroatoms for deuterium 

in solution. Proteolytic digestion at low pH, followed by LC/MS detection allows the 

exchange of backbone amide hydrogens to be detected. The different rates at which 

deuterium labels the backbone can be used to analyze solvent accessibility and higher 

order structure. By completing comparative studies of antigen alone vs. antigen in 

complex with antibody, epitope regions can often be identified.5,12 However, HDX/MS 

suffers from some limitations. Protein digestion and separation of the resulting peptide 
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can lead to label loss due to back exchange, which lowers the sensitivity and resolution of 

the method.  In addition, changes in protein dynamics at sites distant from the epitope 

also result in reduced HDX, and this decreased exchange can sometimes be difficult to 

distinguish from reduced exchange at the epitope. Lastly, while HDX/MS is higher 

throughput than methods such as NMR and X-ray crystallography, data analysis is time 

intensive and specialized robotic equipment is often needed to facilitate the experiments.   

Covalent labeling (CL) has emerged as a promising complementary technique 

because of its advantages over other MS based epitope-mapping approaches. CL can 

provide residue level resolution and is relatively high throughput. CL methods typically 

do not suffer from label loss like HDX, and depending on the reagent, sample preparation 

is simple with no specialized equipment needed. A number of CL techniques such as fast 

photochemical oxidation of proteins (FPOP),13 carboxyl group footprinting,14 lysine 

acetylation,15,16 and diethylpyrocarbonate (DEPC) labeling17–20 have been used to study 

antibodies. For example, FPOP has been used alone or with HDX to characterize epitopes 

and even paratopes in protein therapeutics.9,13,21 Carboxyl group footprinting with glycine 

ethyl ester (GEE) has been used to determine the residues involved in the interface 

between vascular endothelial growth factor and it binding mAbs.22 One of the earliest 

examples of CL for studying epitopes was with lysine acetylation in studies of the epitope 

of lysozyme.15  

DEPC is a promising CL reagent because it can label numerous nucleophilic residues, 

including lysine, histidine, serine, threonine, tyrosine, and the N-terminus, allowing about 

30% of the residues in the average protein to be probed.23 The labeling extents of 

histidine and lysine residues are correlated with their solvent accessible surface area 
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(SASA), while the labeling of serine, threonine and tyrosine are sensitive to their 

microenvironment, particularly the presence of nearby hydrophobic residues.19 DEPC-

CL/MS has been used previously to study protein-ligand binding sites,24–26 protein-

protein interactions,27,28 and HOS perturbations of mAbs caused by heat stress.17,18,29,30 

Despite the proven value of DEPC-CL/MS for studying protein interactions, there are no 

reports, to our knowledge, that demonstrate its use for studying antibody-antigen 

interactions.  

To evaluate DEPC-CL/MS for studying antibody-antigen interactions, we chose 

to use tumor necrosis factor-α (TNFα) as a model system. TNFα is a pro inflammatory 

cytokine that mediates inflammation. At physiological pH and concentration, it is a 

homotrimer that reversibly dissociates to an inactive monomer.31–34 Neutralizing TNFα is 

an effective treatment against a number of diseases such as rheumatoid arthritis, Crohn’s 

disease, and psoriasis.  As a result, numerous TNFα neutralizing protein therapeutics 

have been developed. Each of these therapeutic proteins has a slightly different epitope,35 

making this protein and its associated antibodies a good system for evaluating the 

effectiveness of DEPC-CL/MS for epitope mapping. In this work, three model mAbs 

were investigated – adalimumab, infliximab, and golimumab – each of which has a 

different epitope and stabilizes the TNFα trimer to different extents (Figure 3.1).33,35,36   

Of particular interest in this study was elucidating the DEPC labeling behavior of 

residues both near the epitope and distant from the epitope. Our results show that 

histidine and lysine residues in the epitope undergo dramatic decreases in labeling, while 

serine, threonine, and tyrosine residues at the edges of the epitope can undergo 

unexpected increases in labeling due to the creation of nearby hydrophobic pockets. In 
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addition, we find that most residues that are distant from the epitope do not undergo 

labeling changes, but a few residues do change, presumably due to side chain 

reorganizations that occur upon antibody-TNFα binding.  

3.2.Materials and Methods 

3.2.1. Materials 

Golimumab formulation (Simponi® 12.5mg/mL vial, batch#HJS1V01, Janssen), 

adalimumab formulation (Humira® 50mg/mL vial, lot#1088193, Abbvie), and infliximab 

formulation (Remicade®, lyophilized powder, lot#01184, Janssen) were purchased from 

Millipore Sigma, and rituximab formulation (Rituxan® 100 mg/10 mL vial, lot# 320928 

3, Genentech) was purchased from Myoderm. Bovine serum albumin (#A2394), 

diethylpyrocarbonate (DEPC) (#D5758), imidazole (#I5513), iodoacetamide (#I6125), 

tris(2-carboxyethyl) phosphine (TCEP) (#C4706), guanidine hydrochloride (GnHCl) 

(#G3272), and sodium chloride (#S5886) were obtained from Sigma-Aldrich. Sodium 

phosphate monobasic monohydrate (#S0710-1) was obtained from EM Science. 

Immobilized trypsin (#20230), sodium phosphate dibasic anhydrous (#S374-500), 

LC/MS-grade formic acid (#A117-50), acetonitrile (#A998-4), and water (#W7-4) were 

purchased from Fisher Scientific. 

3.2.2. DEPC labeling and proteolytic digestion 

DEPC stock solutions were prepared in acetonitrile, and final acetonitrile 

concentrations in reacted protein samples were less than 1% v/v.  The DEPC labeling 

reaction was completed in 500 µL total volume in MOPS buffer, with antibody:antigen 

concentrations of 1 µM mAb:1.2 µM TNFα monomer. Because TNFα is a trimer, a molar 
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excess of the mAb was used to ensure ~100% complexation of the trimer. Labeling was 

conducted at a DEPC:protein molar ratio of 1000:1 at 37 °C for 5 min. The DEPC 

concentration was chosen based on predictions of proper reagent concentration to avoid 

over labeling.37 After 5 minutes of reaction time, imidazole was added to quench the 

reaction at a 1:50 DEPC:imidazole molar ratio. At least three replicate DEPC analyses 

were performed for each mAb-TNFα complex. 

After the reaction, mixtures were quenched with imidazole, 50 µL of acetonitrile 

were added, and samples were heated at 50 °C for 45 min to denature the proteins. Prior 

to denaturation, the disulfide bonds were reduced with TCEP at 25 mM for 5 minutes and 

then alkylated with iodoacetamide at 25 mM for 20 minutes in the dark. Finally, 

proteolytic digestion was performed using 50 µL of immobilized trypsin, and the protein 

was digested overnight at 37 °C. To remove trypsin and collect the resulting peptides 

after the digestion, the samples were centrifuged at 14,000 rpm, and the supernatant was 

collected. The supernatant was then concentrated using a speed vacuum from 500 µL to 

100 µL.  Samples were analyzed immediately after concentration. 

3.2.3. LC/MS/MS of CL samples 

For online LC/MS/MS analyses, 5 µL was injected into a Dionex UltiMate 3000 

RSLC capillary LC system (Thermo Scientific). The flow rate was set at 400 nL/min. 

Peptides were separated with an Acclaim Pepmap RSLC column (300 µm x 15 cm, C18, 

2 µM, Thermo Scientific) with LC/MS grade water and 0.1% formic acid as solvent A 

and acetonitrile as solvent B. A linear gradient from 5% B to 50% B over 55 minutes 

with a final wash of 95% B for 15 minutes was used. An electrospray ionization source 
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was used in positive mode with a needle voltage of 2100 V. Mass spectra were acquired 

on a Thermo Scientific Orbitrap Fusion mass spectrometer. Tandem mass spectrometry 

(MS/MS) was conducted using collision-induced dissociation (CID) on a linear 

quadrupole ion trap. An inclusion list of possible labeled and unlabeled TNFα tryptic 

peptides was used to ensure these ions would be fragmented while an exclusion list of 

antibody peptides was used. The inclusion was used to guarantee detection and 

fragmentation of TNFα peptides for determining their covalent labeling sites and extents.   

3.2.4. CL/MS data analysis 

A custom software pipeline designed specifically for protein DEPC-CL/MS 

experiments was used as described previously.38 Briefly, tandem mass spectra were 

searched against a database consisting of TNFα and the common repository of 

adventitious proteins ((http://www.thegpm.org/crap/index.html) for identifying peptides 

and their labeled sites. The search parameters used were a precursor mass tolerance of 10 

ppm, a product ion tolerance of 0.5 Da, carbamidomethylation of Cys and DEPC 

modification of His, Lys, Ser, Thr, Tyr, and N-terminus (mass addition of 72.0211 Da) as 

variable modifications. For determining modification extents, peak areas of labeled and 

unlabeled ions obtained from reconstructed ion chromatograms of each species were used 

to calculate percent labeling at each labeled site.   

3.2.5. SEC and SEC-MALS 

 SEC separation of TNFα and mAbs was performed at room temperature on an 

Agilent 1260 Infinity HPLC system using a TSKgel SuperSW3000 column (30 cm x 7.8 

mm ID, 5 μm particle size; Tosoh Bioscience LLC). 100 µL of 1 µM TNFα and/or 1.2 
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µM mAb in 50 mM phosphate buffer at pH 7.0 was loaded on the SEC column. The 

mobile phase used was 50 mM sodium phosphate at pH 6.8. A flow rate of 0.35 mL/min 

was used. The variable wavelength UV detector was set at 280 nm for detection. The 

TSKgel SuperSW3000 is able to separate TNFα trimer from mAb, but the TNFα:mAb 

complexes all elute at the exclusion limit. Thus, the TSKgel Super3000 column 

confirmed that TNFα and mAbs were in complex with each other but gave no 

information as to the binding stoichiometry of the complex. Therefore, SEC-MALS was 

also performed with a Sepax SRT SED-500 column (30 cm x 4.6. mm ID, 5 μm particle 

size; Sepax Technologies), which has a larger molecular weight exclusion limit, to 

resolve large molecular weight species. 

For SEC-MALS measurements, separations were performed at room temperature on 

an Agilent 1260 Infinity HPLC system using the Sepax SRT SED-500 column. 100 µL of 

1 µM TNFα and/or 1.2 µM mAb in 50 mM phosphate buffer at pH 7.0 was loaded on the 

SEC column. The mobile phase used was 50 mM sodium phosphate at pH 6.8. An flow 

rate of 0.35 mL/min was used. The variable wavelength UV detector was set at 280 nm 

for detection.  An 18-angle light scattering detector (DAWN HELEOS-II) and a 

refractive index detector (Optilab T-rEX) (Wyatt Technology) were used, and data were 

collected every second. The software ASTRA (Wyatt Technology) was used for the data 

analysis and bovine serum albumin was used for calibration and quality control. 

Measurements were taken at room temperature. The light scattering data were collected 

across the entire chromatographic peak to ensure a representative distribution of 

molecular weights. 
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3.3. Results and Discussion  

3.3.1. DEPC-CL labeling considerations for antibody-antigen interactions  

TNFα is a 157-residue protein with 35 residues that can be labeled by DEPC. 

DEPC labeling of TNFα alone reveals that 34 of these residues can be modified, thereby 

providing adequate structural coverage of the protein (Table 3.1). DEPC-CL/MS 

experiments typically compare labeling of the free protein to the complexed protein to 

identify binding sites.  However, for antibody-antigen interactions, it is challenging to 

directly compare free TNFα to TNFα in complex with a mAb due to the excess protein 

load contributed by the antibody. The labeling extent of residues on TNFα alone versus in 

complex is different due to the high concentration of labelable residues when the mAb is 

present. To correct for this increased number of labelable residues, control experiments 

were conducted on TNFα in solution with the non-binding mAb rituximab. Rituximab 

has an equivalent number of labelable residues to the mAbs that bind TNFα, providing a 

means of correcting for any labeling changes causes by the presence of the large 

antibody. Labeling experiments in the presence of rituximab reveal that there are a few 

residues that are labeled when TNFα is alone that are not labeled in the presence of 

rituximab. This observation indicates that while these residues may be labeled to a small 

extent in TNFα alone, their labeling levels likely drop below the detection limit when 

extra protein is present. Thus, the labeling data from the free TNFα experiments are 

simply used as indicators of residues that can be labeled in the protein, rather than being 

used quantitatively.    

A comparison of the labeling of TNFα with rituximab vs. TNFα with a binding 

mAb reveals three different outcomes for the labeled residues (Figure 3.2). First, there 
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are residues that undergo no significant change in labeling extent, indicating that the 

given residue experiences no change in its microenvironment or its accessibility to 

DEPC. Second, there is an increase in the labeling extent in the presence of the binding 

mAb due to either an increase in solvent accessibility, especially for histidine and lysine 

residues, and/or changes in microenvironment, especially for serine, threonine, and 

tyrosine residues. In recent work, we have found that a more hydrophobic 

microenvironment around accessible serine, threonine, and tyrosine residues causes these 

weakly nucleophilic residues to react more extensively due to increased local 

concentrations of DEPC.17-19 Third, there is a decrease in labeling in the presence of the 

binding mAb due to the loss of solvent exposure of a given residue or possibly a 

decreased hydrophobic microenvironment for serine, threonine, and tyrosine residues.  
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Figure 3.1: TNFα structure (A) Crystal structure with each β-strand indicated in a 

different color, and relevant loops indicated by the β strands they connect. (B) TNFα 

homotrimer structure with each monomer a different color. (C) TNFα amino acid 

sequence, color coded for each β-strand. 
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Table 3.1: DEPC Labeling Extent of TNFα alone  

Residues Labeling extent  

Ser3/4/5 4% ± 4% 

Thr7 3.3% ± 0.9% 

Ser9 1.1% ± 0.3% 

Lys11 12% ± 4% 

His15 3% ± 0.7% 

Ser52 14% ± 6% 

Tyr56 14% ± 6% 

Ser60 1% ± 1% 

Lys65 3% ± 4% 

Ser71 50% ± 6% 

Thr72 0.7% ± 0.4% 

His73 14% ± 10% 

Thr77 17% ± 5% 

Thr79 0 % ± 0% 

Ser81 21% ± 3% 

Ser86 13% ± 7% 

Tyr87 10% ± 7% 

Thr89 9% ± 7% 

Lys90 20% ± 7% 

Ser95 2% ± 1% 

Lys98 0.18% ± 0.01% 

Ser99 31% ± 7% 

Thr105 12% ± 6% 

Lys112 3.2% ± 0.4% 

Tyr115 3.3% ± 0.6% 

Tyr119 3.3% ± 0.6% 

Lys128 3.9% ± 0.9% 

Ser133 13% ± 5% 

Tyr141 2.1% ± 0.1% 

Ser147 10% ± 4% 

Tyr151 1.3% ± 0.4% 
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Figure 3.2: Cartoon representation of possible changes in labeling extent upon mAb 

binding. The TNFα trimer is depicted in gray; the antibody is depicted in yellow; and 

labeling is indicated by the green star, with the size of the star being proportional to the 

labeling extent. Results corresponding to (A) no change, (B) increases in labeling extent 

and (C) decreases in labeling extent are shown.  
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3.3.2. DEPC-CL of TNFα in complex with adalimumab 

Adalimumab has the largest epitope of the three mAbs studied. The epitope is made 

up of two protomers of the TNFα homotrimer (Figure 3.3A and B), and is comprised of 

residues in the A-A’, E-F, D-E, and G-H loops, as well as residues in the A and D β 

strands (Figure 3.1).31,35 The epitope contains 11 labelable residues, eight of which are 

labeled in the control (i.e. rituximab-containing sample) and/or in the presence of 

adalimumab (Table 3.2). The remaining three, His78, His73, and Lys65, are not labeled 

in either the rituximab or adalimumab conditions, but they are labeled in free TNFα. 

His73 is part of the trimer interface, and Lys65 and His78 are largely buried. The labeling 

of these residues in free TNFα might occur due to a small extent of trimer dissociation, 

which is not expected when adalimumab is present, as this mAb strongly stabilizes the 

trimer. In any case, the lack of labeling of these residues in the control and mAb samples 

makes it difficult to definitively conclude anything about these residues.  

The remaining eight epitope residues undergo changes in labeling extent upon 

comparing the control and mAb samples (Figure 3.3C and Table 3.2). Five of the eight 

residues decrease in labeling, including Tyr141, Lys112, Lys90, Thr72, and Ser71, as a 

result of burial due to adalimumab binding (Figure 3.3E).  Labeling of all these residues, 

except Lys90 and Ser71, is completely prevented upon binding to adalimumab.  

Interestingly, three of the epitope residues (Thr77, Ser81, and Ser147) become labeled 

upon adalimumab binding, even though they were not labeled in the presence of non-

binding rituximab (Figure 3.3F). The increased labeling of Thr77 may result from an 

increased hydrophobic microenvironment upon adalimumab binding from proximity to 

Trp53 on the heavy chain of adalimumab (Figure 3.5A). While Ser81 does not make 
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contact with adalimumab it is considered part of the epitope due to its location buried 

behind Lys90 and Glu135, which are both epitope residues (Figure 3.5B). Ser81 

becomes partially exposed upon binding, causing labeling to occur. Ser147 also becomes 

labeled, likely due to a more hydrophobic environment resulting from nearby 

adalimumab residues (Figure 3.5C). Overall, DEPC labeling changes occur for all 

modifiable residues in the TNFα epitope, but the changes for Thr and Ser residues that 

are at the edges of the epitope actually undergo increased labeling. These counterintuitive 

changes in labeling reflect the unique sensitivity that DEPC labeling has to hydrophobic 

microenvironments for these weakly nucleophilic residues.17-19   

Outside of the epitope, 21 residues are labeled, and most of these (11/21) do not 

change in labeling extent, indicating that these residues do not experience significant 

changes in SASA or microenvironment. One residue, Ser86, decreases in labeling extent. 

Ser86 resides in the D-E loop and is repositioned upon adalimumab binding. It is likely 

that the hydrophobic pocket around Ser86 changes upon adalimumab binding, causing a 

decrease in labeling (Figure 3.3D). Interestingly, the labeling of adjacent Tyr87 also 

changes (Figure 3.3D), although the large error bars associated with the measurement of 

this residue cause this change to be insignificant according to a t-test. Nine residues 

outside of the epitope increase in labeling extent. Most (7/9) of these residues are serines, 

threonines, or tyrosines, whose DEPC reactivity are very sensitive to microenvironment 

changes.17–19 Two residues, Thr89 and Thr105, are not labeled in the control (Figure 

3.3D), but upon adalimumab binding, their microenvironment becomes more 

hydrophobic, likely as a result of their close proximity to the epitope, explaining their 

increased labeling extent (Figure 3.5E). The labeling increases for Ser9, Tyr56, Tyr119, 
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and Tyr151 are more difficult to explain. A common feature of these residues is that they 

face the trimer interface in TNFα (Figure 3.5F). It is possible that the stabilization of the 

trimer that occurs upon adalimumab binding changes the microenvironment of these 

residues in a way that increases their labeling extent. Two of these residues (i.e. Tyr56, 

and Tyr151) are completely unlabeled in the control and become labeled in the complex, 

making their behavior similar to the Ser and Thr residues at the edges of the epitope.  

The two other non-epitope residues that increase in labeling extent are His15 and 

Lys128. Previous work with DEPC labeling indicates that changes in the labeling of 

histidine and lysine residues occurs with changes in SASA;23–28 however, the crystal 

structure of the Fab of adalimumab with the TNFα trimer does not indicate any significant 

change in the SASA of His15 or Lys128.  One possible explanation is that there are more 

complex changes to the adalimumab/TNFα complex that are not reflected in the crystal 

structure because the complete antibody is not present, as is the case in our CL/MS 

experiments. Indeed, SEC experiments (Figure 3.4A and B) indicate that complexes 

larger than 3:1 complexes (Figure 3.3A) are formed under the concentrations used in our 

experiments. Large protein complexes consisting of multiple TNFα trimers and more 

than three adalimumab molecules are measured, which are consistent with previous 

reports that postulated polymeric-like complexes at high concentrations, such as those 

found in formulations39 and used in our studies. It is possible that these higher-order 

complexes influence the SASA of His15 and Lys128 that are both far from the epitope 

and the trimer interface of TNFα.  
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Table 3.2: DEPC Modification percentages of each residue in complex with 

adalimumab. Residues with an asterisk (*) are part of the epitope.  

Residue TNFα and rituximab TNFα and adalimumab Significant? Change 

Ser3/4/5 8% ± 2% 7% ± 3% No   

Thr7 3% ± 1% 2% ± 0% No   

Ser9 0.4% ± 0.2% 1.6% ± 0.3% Yes Increase 

Lys11 22% ± 6% 25% ± 9% No   

His15 0.7% ± 0.3% 24% ± 9% Yes Increase 

Ser52 0.3% ± 0.4% 0 % ± 0% No   

Tyr56 0 % ± 0% 3% ± 2% Yes Increase 

Ser60 0 % ± 0% 3% ± 2% Yes Increase 

Ser71* 21% ± 9% 6% ± 2% Yes Decrease 

Thr72* 5% ± 4% 0 % ± 0% Yes Decrease 

Thr77* 0 % ± 0% 7% ± 5% No   

Ser81* 0 % ± 0% 30% ± 10% Yes Increase 

Ser86 14% ± 6% 4% ± 2% Yes Decrease 

Tyr87 41% ± 10% 21% ± 10% No   

Thr89 0% ± 0% 8% ± 3% Yes Increase 

Lys90* 33% ± 3% 3% ± 2% Yes Decrease 

Ser95 17% ± 4% 19.2% ± 0.7% No   

Lys98 30% ± 6% 25% ± 3% No   

Thr105 0 % ± 0% 5% ± 3% Yes Increase 

Lys112* 9 % ± 3% 0.7% ± 0.8% Yes Decrease 

Tyr115 3% ± 1% 1.51% ± 0.05% No   

Tyr119 7% ± 1% 60% ± 10% Yes Increase 

Lys128 14% ± 4% 76% ± 7% Yes Increase 

Ser133 4% ± 3% 0 % ± 0% No   

Tyr141* 0.3% ± 0.1% 0 % ± 0% Yes Decrease 

Ser147* 0.3% ± 0.1% 14% ± 8% Yes Increase 

Tyr151 0 % ± 0 % 12% ± 8% Yes Increase 
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Figure 3.3: Structure and DEPC labeling residues for TNFα in complex with 

adalimumab. (A) Cartoon representation of adalimumab in complex with the TNFα 

trimer. Adalimumab binds in the trimer groove to two protomers of the TNFα trimer. (B) 

Surface structure representation of the Fab of adalimumab in complex with the TNFα 

trimer (PDB ID: 3WD5). (C) DEPC labeling extents for the epitope residues in TNFα 

with and without adalimumab. (D) DEPC labeling extents for the non-epitope residues in 

TNFα with and without adalimumab. (E) Epitope residues that decrease in labeling (blue) 

upon adalimumab binding, mapped on the TNFα trimer. Adalimumab is shown in yellow 

and TNFα trimer is shown in gray. (F) Epitope residues that increase in labeling (red) 

upon adalimumab binding, mapped on the TNFα trimer.  
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Figure 3.4: SEC data of TNFα in solution with (A, B) adalimumab, (C, D) 

infliximab, (E, F) golimumab, and (G, H) rituximab. The chromatograms in A, C, E, 

and G separate the proteins using the TSKgel SuperSW3000 column with a dynamic 

range of 15 kDa to 500 kDa, which allow TNFα to be separated from the mAb and 

TNFα/mAb complex.  The chromatogram for TNFα alone is plotted in black, the mAb 

alone is plotted in blue, and the mixture is plotted in red. The chromatograms in B, D, F, 

and H separate the proteins using the Sepax SRT SED-500 column with a dynamic range 

of 15 kDa to 5 MDa, which cannot resolve free TNFα from free mAb but can provide 

further insight into the molecular weights of the complexes that are formed. The 

separations shown in B, D, F, and H were analyzed with a MALS detector, and the 

measured masses are indicated on the plot. It should be noted that golimumab interacted 

with this column, leading to an unexpectedly high retention time. MALS of free 

infliximab indicates the existence of a species with molecular weights of 150 kDa and 

450 kDa, presumably due to the known quinary structure of free infliximab that has been 

reported previously.40 
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Figure 3.5: Representative changes to TNFα residues upon binding of adalimumab 

(A) The microenvironment of Thr77 increases in hydrophobicity as a result of its 

proximity to Trp53 in adalimumab. (B) Ser81 is buried by epitope residues Lys90 and 

Glu135, but becomes partially exposed upon adalimumab binding, causing its DEPC 

reactivity to increase. (C) In unbound TNFα, Ser147 is entirely exposed to solvent, 

however, in the presence of adalimumab, this residue is located in a more hydrophobic 

microenvironment.  (D) The microenvironment of Ser86 becomes less hydrophobic in the 

bound state (gray) due to its decreased proximity to Tyr87. (E) Thr89 and Thr105 increase 

in labeling due to their proximity to adalimumab. (F) Ser9, Tyr151, Tyr119, and Tyr56 all 

increase in labeling extent and are far from the epitope, but these residues are near the 

trimer interface.  
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3.3.3. DEPC-CL of TNFα in complex with infliximab 

The infliximab epitope is smaller than the adalimumab epitope and is made up 

primarily of residues on the C-D and E-F loops and a few residues in the C and D β-

strands. The residues Tyr141, Thr72, Ser71, and His73 are common to both the 

adalimumab and infliximab epitopes. Importantly, crystallographic data indicates that a 

large conformation change in the E-F loops occurs upon infliximab binding.41 While 

infliximab only binds to one protomer of the TNFα homotrimer, it stabilizes the trimer to 

a similar extent as adalimumab.31,35  The infliximab epitope has five labelable residues, 

but only four are labeled in the control or infliximab-bound state. As was seen in the 

adalimumab experiments, His73 is not labeled. Of the other four labeled epitope residues, 

three of them (Tyr141, Thr72, and Ser71) decrease in labeling (Figure 3.6A), as was 

observed upon adalimumab binding. These decreases are consistent with a burial of these 

residues upon infliximab binding (Figure 3.6C). Thr105, on the other hand, increases in 

labeling extent (Figure 3.6A) even though it is considered part of the epitope. Thr105 is 

on a very solvent exposed loop in free TNFα, but upon infliximab binding, this residue 

becomes partially buried, thereby creating a more hydrophobic environment that 

increases its reactivity (Figure 3.6D). Thr105 labeling also increased upon adalimumab 

binding because of a more hydrophobic environment, but infliximab binding creates an 

even bigger hydrophobic pocket near Thr105, causing its DEPC reactivity to increase 

even more. Again, like was seen with adalimumab, most of the epitope residues 

undergoes decreases in labeling, but Thr residues at the edge of the epitope undergo an 

increase in labeling due to the hydrophobic microenvironment that is created upon 

binding.  
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In addition to the four labeled residues in the epitope, there are 22 residues that are 

not considered part of the epitope that are labeled by DEPC with and without infliximab. 

As with adalimumab, most of these residues (12/22) do not change in labeling extent; 

however, six residues decrease in labeling extent and three increase (Figure 3.6B). One 

of these residues, Lys112, decreases due to its proximity to the epitope, which causes it to 

be partially buried upon binding (Figure 3.7A). Lys98, Tyr119, and Ser95 also decrease 

in labeling. Each of these residues faces toward the TNFα trimer interface (Figure 3.7B), 

and their decreased labeling is due to structural changes that occur upon stabilization of 

the trimer, as was observed with adalimumab. Interestingly, upon adalimumab binding, 

Y119 labeling increases, while Lys98 and Ser95 do not change, suggesting that the 

structural changes associated with trimer stabilization are different for these two mAbs. 

These structural differences in stabilization are perhaps not surprising as adalimumab 

binds two promoters of TNFα while infliximab only binds one. Lastly, Ser147 and Tyr87 

also decrease in labeling, but they are not near the trimer interface or the epitope. It is 

possible that the higher order molecular weight complexes that are detected by SEC are 

responsible for the decreases observed at these residues (Figure 3.4C and D). 

Three residues that are not part of the epitope increase in DEPC labeling upon 

infliximab binding: Ser99, Thr89, and Lys128. Ser99 is near the epitope, and therefore in 

a more hydrophobic environment as a result of the presence of infliximab (Figure 3.7C). 

Ser99 is positioned close to Phe28 in the heavy chain of infliximab and Tyr115 in the 

adjacent TNFα monomer to create a hydrophobic pocket without completely burying this 

residue, which leads to an increase in labeling. Such a microenvironment is not created 

upon adalimumab binding, so Ser99 is not found to be labeled upon binding that mAb. 
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The increase in labeling of Lys128 and Thr89 is difficult to explain, but as with 

adalimumab binding, the formation of higher-order complexes may explain their labeling 

behavior.  

  

 

Table 3.3: DEPC Modification percentages of each residue for TNFα in complex 

with infliximab. Residues with an asterisk are part of the epitope.  

Residue TNFα and rituximab TNFα and infliximab Significant? Change 

Ser3/4/5 8% ± 2% 6% ± 5% No    

Thr7 3% ± 1% 13% ± 7% No    

Ser9 0.4% ± 0.2% 1.4% ± 0.7% No    

Lys11 22% ± 6% 30% ± 7% No   

His15 0.7% ± 0.3% 1.2% ± 0.3% No    

Ser52 0.3% ± 0.4% 3% ± 2% No    

Ser71* 21% ± 9% 0 % ± 0% Yes  Decrease  

Thr72* 5% ± 4% 0 % ± 0% Yes  Decrease  

Ser86 14% ± 6% 12% ± 5% No    

Tyr87 41% ± 10% 0 % ± 0% Yes  Decrease  

Thr89 0 % ± 0% 5.9% ± 0.7% Yes Increase 

Lys90 33% ± 3% 24% ± 7% No    

Ser95 17% ± 4% 2 % ± 1% Yes  Decrease  

Lys98 30% ± 6% 13% ± 7% Yes  Decrease  

Ser99 0 % ± 0% 46% ± 10% Yes Increase 

Thr105* 0 % ± 0% 21% ± 3% Yes Increase 

Lys112 9% ± 3% 4% ± 2% Yes  Decrease  

Tyr115 3% ± 1% 1.3% ± 0.8% No    

Tyr119 7% ± 1% 0.9% ± 0.3% Yes  Decrease  

Lys128 14% ± 4% 39% ± 7% Yes  Increase  

Ser133 4% ± 3% 0.3% ± 0.2% No    

Tyr141* 0.3% ± 0.1% 0 % ± 0% Yes  Decrease  

Ser147 0.3% ± 0.1% 0 % ± 0% Yes  Decrease  
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Figure 3.6: Structure and DEPC labeling residues for TNFα in complex with 

infliximab. (A) DEPC labeling extents for the epitope residues in TNFα with and without 

infliximab. (B) DEPC labeling extents for the non-epitope residues in TNFα with and 

without infliximab. (C) Epitope residues that decrease in labeling (blue) upon infliximab 

binding, mapped on the TNFα trimer. Infliximab is shown in orange and TNFα trimer is 

shown in gray (PDB 4G3Y). (D) Epitope residues that increase in labeling (red) upon 

infliximab binding, mapped on the TNFα trimer. 
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Figure 3.7: Representative changes to TNFα residues upon binding infliximab. (A) Lys112, 

represented in blue, is partially buried upon infliximab (orange) binding. (B) Tyr119, Ser95, and 

Lys98 (blue) face into the trimer interface, and decrease in labeling upon infliximab binding, 

presumably due to structural changes associated with trimer stabilization. (C) The 

microenvironment of Ser99 becomes more hydrophobic as a result of the increased proximity to 

hydrophobic residues Tyr119 on TNFα and Phe28 on infliximab, causing it to undergo increased 

DEPC labeling. 
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3.3.4. DEPC-CL of TNFα in complex with golimumab 

Golimumab has the smallest epitope of the three mAbs studied yet has the highest 

binding affinity.42 Golimumab only binds one promoter of the trimer and stabilizes the 

trimer the least out of the three mAbs studied (Figure 3.8A).31,35 The golimumab epitope 

is made up of residues in the A-A’, C-D, G-H, and E-F loops. Similar to infliximab and 

adalimumab, the E-F loop is a key component of antibody binding, whereas the G-H loop 

and C-D loop are less important for golimumab binding. The residues Tyr141, Thr72, and 

Ser71 are involved in all three epitopes studied, while residue Thr105 is important for 

both golimumab and infliximab, but not adalimumab.  

The golimumab epitope has five labelable residues, of which four are 

experimentally found to be labeled. The one epitope residue that is not labeled in either 

the control or upon golimumab binding is Lys65. The other four epitope residues, 

Tyr141, Thr105, Thr72, and Ser71 are the same four epitope residues in infliximab. 

These four residues have the same labeling behavior as was seen upon infliximab 

binding. Tyr141, Thr72, and Ser71 all decrease in labeling (Figure 3.8A) due to burial 

(Figure 3.8C), while Thr105 experiences an increase in labeling due to its increased 

hydrophobic environment caused by the proximity of Ile102 in the heavy chain of 

golimumab (Figure 3.8D).  

There are 19 residues labeled by DEPC that are not considered part of the epitope 

(Figure 3.8B). Eight do not change in labeling extent, eight decrease, and four increase. 

Of the eight decreases, Lys98, His15, Tyr119, and Ser95 are all part of the trimer 

interface, and thus their decreased labeling is perhaps due to trimer stabilization (Figure 

3.9A),43 as was observed for infliximab and adalimumab. Interestingly, both golimumab 
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and infliximab bind one protomer and have similar patterns of changes to residues in the 

trimer interface, while adalimumab binds two promoters and different residues undergo 

changes in labeling. These data suggest that the structural changes associated with trimer 

stabilization are similar for golimumab and infliximab.  The other four residues that are 

distant from the epitope and decrease in labeling, Tyr87, Ser86, Thr7 and Ser147, are also 

distant from the trimer interface (Figure 3.9B). Ser86 and Tyr87 are in the D-E loop, and 

the crystal structure of the TNFα/golimumab complex indicates structural changes in the 

D-E loop upon binding (Figure 3.9D), which cause a change in the microenvironment 

around these residues.  Labeling changes to Thr7 and Ser147 are more difficult to 

explain, but the complicated mixture of higher order complexes that are observed by SEC 

(Figure 3.4E and F) upon golimumab binding could be the cause of these labeling 

changes. The labeling increases that are observed for Lys128, Thr89, Thr77, and Ser9 

might also be caused by the same complicated mix of complexes. All four of these 

residues are distant from the epitope and are not involved in the trimer interface (Figure 

3.9C), although it should be noted that Ser9 is not resolved in the crystal structure of the 

complex.  
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Table 3.4: DEPC Modification percentages of each residue upong binding with 

golimumab. Residues with an asterisk (*) are part of the epitope. 

Residue TNFα and rituximab TNFα and golimumab Significant? Change 

Ser3/4/5 8% ± 2% 7% ± 6% No    

Thr7 3% ± 1% 0 % ± 0% Yes  Decrease 

Ser9 0.4% ± 0.2% 18% ± 8% Yes  Increase 

Lys11 22% ± 6% 13% ± 4% No   

His15 0.7% ± 0.3% 0 % ± 0% Yes Decrease 

Ser71* 21% ± 9% 6% ± 3% Yes Decrease 

Thr72* 5% ± 4% 0 % ± 0% Yes  Decrease 

Thr77 0 % ± 0% 21% ± 2% Yes Increase 

His78 0 % ± 0% 1.2% ± 0.3% Yes  Decrease 

Ser86 14% ± 6% 0 % ± 0% Yes  Decrease 

Tyr87 41 % ± 10% 0 % ± 0% Yes  Decrease 

Thr89 0 % ± 0% 9% ± 1% Yes Increase 

Lys90 33% ± 3% 37% ± 5% No    

Ser95 17% ± 4% 2.3% ± 0.4% Yes  Decrease 

Lys98 30% ± 6% 3% ± 1% Yes  Decrease 

Thr105* 0 % ± 0% 20% ± 4% Yes  Increase 

Lys112 9% ± 3% 11% ± 3% No    

Tyr115 3% ± 1% 1.7% ± 0.5% No    

Tyr119 7% ± 1% 0 % ± 0% Yes  Decrease  

Lys128 14% ± 4% 25% ± 3% Yes Increase 

Ser133 4% ± 3% 0 % ± 0% No    

Tyr141* 0.3% ± 0.1% 0 % ± 0% Yes  Decrease  

Ser147 0.3% ± 0.1% 0 % ± 0% Yes  Decrease  
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Figure 3.8: Structure and DEPC labeling residues for TNFα in complex with 

golimumab. (A) DEPC labeling extents for the epitope residues in TNFα with and 

without golimumab. (B) DEPC labeling extents for the non-epitope residues in TNFα 

with and without golimumab. (C) Epitope residues that decrease in labeling (blue) upon 

golimumab binding, mapped on the TNFα trimer. Golimumab is shown in green and 

TNFα trimer is shown in gray (PDB 5YOY). (D) Epitope residues that increase in 

labeling (red) upon golimumab binding, mapped on the TNFα trimer. 
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Figure 3.9: Representative changes to TNFα labelable residues upon binding 

golimumab (A) His15, Tyr119, Ser95, and Lys98 (blue) face into the trimer interface 

and decrease in labeling upon golimumab binding, presumably due to the structural 

changes associated with trimer stabilization. (B) Thr7, Ser147, Ser86 and Tyr87 (blue) 

decrease upon golimumab binding but are far from the epitope and trimer interface. (C) 

Lys128, Thr89, and Thr77 (red) increase upon golimumab binding but are far from the 

epitope and trimer interface. These residues possibly increase in labeling due to the 

formation of higher-order complexes as observed in SEC measurements. (D) 

Conformational change of D-E loop from unbound TNFα (blue) to bound TNFα (gray).  

 

 

 

 



109 
 

3.4. Conclusion 

Using three different mAbs that bind their antigen TNFα in a well-characterized 

manner, we demonstrate that DEPC-CL/MS can reveal accurate information about 

epitopes and subtle structural changes away from epitopes. To get reliable epitope 

mapping results, control experiments involving a non-binding mAb are required to 

account for labeling changes that are caused by the presence of a large number of 

labelable residues in the mAb. Our data show that residues in the epitope that become 

completely buried upon binding decrease in labeling extent. Interestingly, weakly 

nucleophilic residues (i.e. Ser, Thr, Tyr) that are in or near the epitope, but are not 

completely buried upon binding, undergo an increase in labeling extent due to an 

increased hydrophobic microenvironment that is created by nearby mAb residues. This 

effect is consistent with our previous work and is likely explained by increased local 

concentrations of DEPC, which is a somewhat hydrophobic molecule.17–19 An excellent 

example of this effect is the increased labeling of Thr105 upon binding to all three mAbs. 

In free TNFα, Thr105 is on an unstructured loop and is fully solvent exposed; however, 

upon mAb binding, residues from the antibodies create a hydrophobic microenvironment 

around this residue without fully burying it, causing an increase in labeling. A more 

significant hydrophobic microenvironment is created upon infliximab and golimumab 

binding, and Thr105 labeling is found to increase to the greatest extent when these 

antibodies are bound to TNFα. Most residues that are distant from the epitope do not 

undergo any significant changes in labeling extent, although some residues do change. 

The residues that do change primarily fall into three categories. The first category 

includes residues that are not part of the epitope but are in close proximity to the epitope 

and thus experience a change in labeling extent due to partial burial. Second, there are 
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residues at the TNFα trimer interface that undergo changes in labeling that reflect 

structural changes caused by trimer stabilization when the antibody binds. The third 

category includes primarily Ser, Thr, and Tyr residues that experience changes in 

microenvironment due to higher-order structural changes that occur upon antibody 

binding. These changes can be either increases or decreases in labeling and reflect more 

or less hydrophobic environments being created around these residues that are the result 

of structural changes or the formation of complexes with large mAb/TNFα 

stoichiometries that are present in solution but not in the crystal structures. Overall, 

DEPC labeling can provide insight into antibody-antigen epitopes, although the resulting 

labeling changes depend on the extent to which a residue is buried and how the 

microenvironment around the residue changes upon binding. In the latter case, we again 

see that the reactivity of Ser, Thr, and Tyr residues are very sensitive to the hydrophobic 

microenvironment of these residues, making them very sensitive probes of binding and 

structural changes throughout the protein. 
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Figure 3.10: Monomeric TNFα with epitope, DEPC increases, and DEPC decreases 

mapped on to structure (PDB: 1TNF). The epitope is mapped in magenta, increases in 

DEPC-CL labeling extent in red, and decreases in blue for (A) adalimumab (B) 

infliximab (C) golimumab.  
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CHAPTER 4 

 

4. SYNERGISTIC STRUCTURAL INFORMATION FROM HYDROGEN 

DEUTERIUM EXCHANGE AND COVALENT LABELING MASS 

SPECTROMETRY FOR STUDYING ANTIBODY/ANTIGEN 

INTERACTIONS 

 

4.1. Introduction  

The increasing importance of monoclonal antibody (mAb) therapeutics for treatment 

of disease has increased the necessity for robust methods of higher order structure 

characterization. Specifically, characterizing antibody-antigen interactions and 

understanding the epitopes responsible for these interactions is of upmost importance to 

the development of these drugs.1,2 Epitope mapping is incredibly valuable for developing 

future therapeutic mAbs, understanding mechanisms of action, and patenting new drug 

molecules.1,3 Traditionally, high resolution methods such as X-ray crystallography and 

NMR are the gold standards for epitope mapping or higher order structure (HOS) 

characterization of protein therapeutics, however these methods suffer from a number of 

drawbacks.4 For instance, not every protein system can be crystallized for X-ray 

crystallography, large volumes of protein sample are needed, and throughput is very 

low.5,6 NMR is limited in the size of protein that can be characterized. Both NMR and X-

ray crystallography can be expensive and time intensive measurements.  
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Mass spectrometry (MS) has emerged as a promising tool for epitope mapping and 

HOS characterization because of limitations in traditional tools, especially when studying 

interactions involving the complete antibody and antigen.3,7,8 In order to study HOS by 

mass spectrometry, the structure of the protein must be encoded into the mass. Multiple 

MS methods have been developed to achieve this such as chemical crosslinking, covalent 

labeling (CL), and hydrogen deuterium exchange (HDX). Chemical crosslinking is a 

method by which two amino acids that are in close spatial proximity to each other are 

covalently linked with a crosslinking reagent. Epitope mapping by chemical crosslinking 

has proven useful, as residues in the antigen are crosslinked to antibody residues, 

providing insight into which residues are important for antibody-antigen binding. For 

example, Pimenova et al. have used chemical crosslinking to determine the epitope of 

bovine prion protein.9 However, chemical crosslinking data analysis can be laborious and 

time intensive due to its complexity, and residues buried in the epitope may not be 

accessible for cross-linking.  

HDX is a well-established method for protein HOS characterization and is often used 

in industrial settings for characterizing bio-therapeutics, examining protein-protein 

interactions, and epitope mapping.10 HDX/MS involves incubating a protein in a solution 

of deuterated water for varying lengths of time to allow labile hydrogens on the protein to 

exchange with deuterium in a structurally dependent manner. Deuteration sites can then 

be identified by digesting the protein and separating the resulting peptide fragments at 

low pH to minimize back exchange. The mass shift caused by deuterium uptake is then 

measured by MS, and the rates at which deuterium labels backbone sites can be obtained. 

These rate measurements indicate a protein region’s solvent accessibility and backbone 
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dynamics. Comparing a native protein state to an experimental state (e.g. free antigen vs. 

antigen:antibody complex) reveals changes in solvent exposure due to antigen binding 

and/or changes in dynamics due to structural changes distant from the epitope. Previous 

work with HDX has demonstrated its utility for investigating mAb structure as well as for 

epitope mapping.8,11,12 Most often, HDX/MS provides peptide-level resolution, but when 

combined with MS/MS via electron transfer dissociation, for example, residue-level 

information can be obtained.13–15 One challenge with HDX/MS, however, is that it can 

sometimes be difficult to distinguish decreases in deuterium uptake due to antigen 

binding from decreases caused by changes in backbone dynamics due to protein 

stabilization.  

CL/MS is a complementary method to HDX/MS. In CL a reagent reacts with solvent 

exposed amino acid side chains, covalently modifying them and causing a mass shift that 

can then be detected using MS. Because the modification results in the formation of a 

covalent bond, standard proteomics methods based on digestion and LC/MS/MS analysis 

can be used to pinpoint which residues are modified. Residue side chains that are solvent 

exposed tend to be labeled, while buried residues are not, making it a valuable approach 

for epitope mapping. Because CL/MS reports on side chain solvent accessibility while 

HDX/MS provides information about backbone dynamics and solvent accessibility, the 

two methods provide complementary information. Several recent studies have combined 

HDX/MS and CL/MS to study antibody:antigen interactions. These studies have 

primarily employed fast photochemical oxidization of proteins (FPOP) to oxidize 

exposed amino acid side chains. For example, FPOP and HDX/MS have been used 

together to study antibody/interleukin-23 interactions, providing orthogonal structural 
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information due to HDX/MS’s ability to measure structural stability combined with 

FPOP’s ability to report on rapid changes in solvent accessibility of side chains.16 While 

FPOP and HDX/MS together provide complementary structural information, the inherent 

chemistry of both techniques occurs on the millisecond and sub-millisecond time scale, 

making both methods similarly sensitive to the same types of changes in protein 

dynamics.17,18  

Another CL reagent that has been used extensively to study protein interactions is 

diethylpyrocarbonate (DEPC).19–22 Unlike FPOP, which requires a special experiment 

setup, DEPC can simply be added to solution whereupon it labels nucleophilic residues 

such as Cys, Lys, His, Ser, Thr, and Tyr.  DEPC reacts with protein side chains on the 

seconds to minutes timescale and is therefore affected by protein dynamics in a very 

different manner than FPOP. In recent work, we have demonstrated that the slow reaction 

timescale of DEPC labeling can be used in a complementary and synergistic fashion with 

HDX/MS to readily distinguish protein interactions from changes in protein dynamics in 

the context of heat stressed mAbs23 and small molecule ligand-protein binding.24 In 

essence, the slower reaction rate of DEPC-CL makes it mostly ‘blind’ to common 

changes in protein dynamics that are detectable by HDX/MS.  

Because protein interactions with antibodies typically involve the burial of significant 

surface area and result in substantial protein stabilization, we were interested in assessing 

the degree of complementarity that exists when DEPC-CL/MS and HDX/MS are both 

used to study antibody-antigen binding. As a model system for these studies, we have 

chosen tumor necrosis factor α (TNFα) in complex with three different therapeutic 
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antibodies: adalimumab, infliximab, and golimumab. The epitopes on TNFα for each of 

the antibodies differs in size and location, and each antibody stabilizes the TNFα 

homotrimer to a different extent.25–30 The features of these antibody-antigen interactions 

allow us to further assess the extent to which DEPC-CL/MS is sensitive to changes in 

protein dynamics and the complementarity that exists between this CL/MS technique and 

HDX/MS. We generally find that epitope sites result in labeling decreases in both 

HDX/MS and CL/MS, whereas DEPC-CL/MS often clarifies other decreases in 

HDX/MS as due to protein stabilization. Additionally, we demonstrate that DEPC-

CL/MS can often provide improved spatial resolution as compared to HDX/MS.  

4.2. Materials and Methods 

4.2.1. Materials 

Golimumab formulation (Simponi® 12.5mg/mL vial, batch#HJS1V01, Janssen), 

adalimumab formulation (Humira® 50mg/mL vial, lot#1088193, Abbvie), and infliximab 

formulation (Remicade®, lyophilized powder, lot#01184, Janssen) were purchased from 

Millipore Sigma, and rituximab formulation (Rituxan® 100 mg/10 mL vial, lot# 320928 

3, Genentech) was purchased from Myoderm. Diethylpyrocarbonate (DEPC) (#D5758), 

imidazole (#I5513), iodoacetamide (#I6125), tris(2-carboxyethyl) phosphine (TCEP) 

(#C4706), guanidine hydrochloride (GnHCl) (#G3272), and sodium chloride (#S5886) 

were obtained from Sigma-Aldrich. Sodium phosphate monobasic monohydrate 

(#S0710-1) was obtained from EM Science. Immobilized trypsin (#20230), sodium 

phosphate dibasic anhydrous (#S374-500), LC/MS-grade formic acid (#A117-50), 

acetonitrile (#A998-4), and water (#W7-4) were purchased from Fisher Scientific. 
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4.2.2. DEPC labeling and proteolytic digestion 

DEPC-CL/MS of antibodies has been described previously.31 Briefly, DEPC 

stock solutions were prepared in acetonitrile and DEPC labeling reactions were 

completed in MOPS buffer, with antibody:antigen concentrations of 1 µM mAb:1.2 µM 

TNFα and a total volume of 500 µL. TNFα is a trimer, and molar excesses of the mAbs 

were used to ensure ~100% complexation of the trimer. To ensure comparable amounts 

of labelable residues between control and experimental conditions, control experiments 

involved the addition of the non-binding mAb rituximab. Labeling was conducted at a 

DEPC:protein molar ratio of 1000:1 at 37 °C for 5 min. The DEPC concentration was 

chosen to avoid over labeling using a predictive method described previously.32 After 5 

minutes of reaction time, imidazole was added to quench the reaction at a 1:50 

DEPC:imidazole molar ratio. For each mAb three replicates were performed. After the 

reaction mixtures were quenched, the proteins were denatured and digested with trypsin 

overnight. The samples were centrifuged at 14,000 rpm to remove trypsin, and the 

supernatant containing the peptides was collected. The supernatant was then concentrated 

using a speed vacuum from 500 µL to 100 µL. Samples were analyzed immediately after 

concentration. 

4.2.3. LC/MS/MS of CL samples 

Online LC/MS/MS analyses were completed with a Dionex UltiMate 3000 RSCL 

capillary LC system (Thermo Scientific). Separation was carried out with an Acclaim 

Pepmap RSLC column (300 µm x 15 cm, C18, 2 µM, Thermo Scientific) with LC/MS 

grade water and 0.1% formic acid as solvent A and acetonitrile as solvent B. A linear 
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gradient from 5% B to 50% B over 55 min was used. A Thermo Scientific Orbitrap 

Fusion mass spectrometer with tandem mass spectrometry (MS/MS) and collision-

induced dissociation (CID) on a linear quadrupole ion trap was used to acquire mass 

spectra. An inclusion list of possible labeled and unlabeled TNFα tryptic peptides and an 

exclusion list of antibody peptides was used.  

4.2.4. CL/MS data analysis 

A custom software pipeline designed specifically for protein DEPC CL/MS 

experiments was used and has been described previously.33 Briefly, CID tandem mass 

spectra were searched against a database consisting of TNFα and the common repository 

of adventitious proteins (http://www.thegpm.org/crap/index.html) for peptide mapping 

and labeled site identification. For semi-quantitation of modification extent, peak areas of 

labeled and unlabeled species obtained from reconstructed ion chromatograms of each 

species are used to calculate percent labeling at each labeled site.  

4.2.5. HDX procedure  

Stock solutions of 20 µM mAb and 16 µM TNFα were prepared by diluting mAbs 

from formulation with a 10 mM phosphate buffer. A ratio of 1:1.2 mAb:TNFα ratio was 

used to ensure binding. D2O was prepared in a 10 mM phosphate buffer, and the pD was 

adjusted via a pH meter corrected by: pD = pH reading + 0.41.34 The Leap HDX 

Automation Manager and Waters nanoACQUITY UPLC system (Waters Corporation, 

Milford, MA, USA) were used for the liquid handling of all HDX experiments.  
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3.0 µL aliquots of TNFα in complex with mAb or TNFα alone was diluted into 

57.0 µL D2O buffer, resulting in a final concentration of a 1 µM mAb:1.2 µM TNFα or 

1.2 µTNFα respectively. The resulting solutions were incubated for seven different time 

points ranging from 10 s to 24 h at 10 °C. After incubation in deuterium, the reaction was 

quenched by adding the sample to a quenching buffer (1:1, v/v) at 1 °C for 5 min. This 

buffer contained 4 M GnHCl, 0.5 M TCEP, and 200 mM Na2PO4 in water (pH = 2.5). 

Once the reactions were quenched, the samples were injected into the Waters ACQUITY 

UPLC System. Each mAb:TNFα reaction was done in triplicate on different days.   

4.2.6. LC/MS of HDX samples 

A Waters ENZYMATE immobilized pepsin column (ID: 2.1 length: 30 mm) at 

high pressure (~11000 psi) and 10 °C was used to digest samples. The resulting 

proteolytic peptides were collected by a trap column (HSS T3 pre‐column, 100 Å, 1.8 

µm, 2.1 mm X 5 mm, Waters) for 4.5 min at 0 °C, and then the peptides were eluted into 

a Waters ACQUITY C18 column (2.1 x 50 mm, 1.8 µm). A binary solvent system was 

used for LC separation: solvent A was water with 0.1% formic acid at pH 2.5 and solvent 

B was acetonitrile with 0.1% formic acid and the separation was carried out at 0 °C. A 

linear gradient that increased from 5% B to 35% B over 7 min was used, followed by a 

column wash increasing from 35% B to 85% B in 1 min at a flow rate of 40 µL/min. 

Finally, analyte peptides were detected using a Waters SYNAPT G2Si mass spectrometer 

in MSE mode over the m/z range of 50‐2000. 
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4.2.7. HDX data analysis 

The deuterium uptake level of each measured peptide at different exchange time 

points was manually inspected and calculated using the Waters DynamX 3.0 software. 

Final sequence coverage for all conditions was >90% (Figure 4.1). Averaged deuterium 

uptake values from triplicate experiments with propagated error are reported. The 

difference between the bound and the unbound state were calculated in Excel. Peptides 

that appeared in at least 2 out of 3 trials with at least four measured time points were 

included in our analysis. To determine which changes were statistically significant, 

volcano plots were generated as used previously by Weis and co-workers.35,36 The pooled 

standard deviation was calculated over all time points and all conditions, and multiplied 

by four to determine the ∆HX cut off 0.295 Da. An error cutoff of P > 0.001 was used as 

well. These cutoffs were validated by comparing a TNFα alone run to a TNFα alone run 

on a different day, and no false positive were detected (Figure 4.2). Peptides were 

considered significantly different if there were three or more time points that met the 

cutoffs previously described.  
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Figure 4.1: HDX sequence coverage for (A) adalimumab (B) Infliximab and (C) 

Golimumab.  
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Figure 4.2: Volcano plots of HDX data for (A) free TNFα vs. free TNFα, (B) free 

TNFα vs.  TNFα in complex with golimumab, (C) free TNFα vs. TNFα in complex with 

infliximab, (D) free TNFα vs. TNFα in complex with adalimumab. The x-axis is the ∆HX 

between the two states, while the y-axis is the p-value from the propagated error of the 

deuterium uptake values obtained from each HDX trial. Points that fall within the red 

regions are considered significant differences.  
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4.3. Results  

4.3.1. DEPC-CL and HDX of TNFα in complex with Adalimumab 

Adalimumab has the largest epitope of the three antibodies studied and stabilizes 

TNFα to the greatest extent. The TNFα epitope is made up of 25 residues, spanning two 

TNFα protomers in parts of the A-A’, E-F, G-H, D-E loops and A, C, and D β-strands, 

covering ~2500 Å2 (Figure 4.3).37 Upon comparing the HDX/MS data of free TNFα and 

the adalimumab complex of TNFα, we find that half of the detected peptides undergo a 

significant decrease in deuterium uptake (Figure 4.4 and Table C.1), and these peptides 

span the entire protein sequence (Figure 4.3A). No peptides undergo a statistically 

significant increase in exchange. From CL/MS of the unbound and bound forms of 

TNFα, 29 residues are modified with six undergoing a decrease in labeling, 11 

undergoing an increase, and 12 not changing (Table 3.2). 

It is expected that regions of TNFα involved in epitope binding will undergo 

decreases in HDX and CL due to the loss of solvent exposure upon binding to 

adalimumab. Indeed, every peptide that contains one or more epitope residues decreases 

in deuterium uptake (Figure 4.3A and Figure 4.4). For example, the peptides 

84AVSYQTKVN93L and 133SAEINRPDYL143D (Figure 4.3B) span epitope residues and 

significantly decrease in deuterium uptake even after 24 h of exchange. A similar 

decrease in HDX is seen for many other peptides from TNFα, as indicated by the 

horizontal blue lines in Figure 4.3A. Similarly, most DEPC modified residues that are 

present in, or immediately adjacent to, the epitope decrease in labeling extent. For 

example, Tyr141, Lys112, and Ser71 undergo significant decreases DEPC labeling upon 

adalimumab binding (Figure 4.3C). Interestingly, some Ser and Thr residues (i.e. Thr77, 
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Ser81, Thr89, and Ser147), which are adjacent to epitope regions and are only partially 

buried upon adalimumab binding, actually increase in DEPC labeling when adalimumab 

is present (Figure 4.3D). These residues undergo increased labeling because adalimumab 

binding creates nearby hydrophobic pockets that increases the local DEPC concentration, 

as has been previously suggested,23,31,38,39 allowing these weakly nucleophilic residues to 

react more extensively than they do when exposed in unbound TNFα. 

 While all the peptides that span epitope residues undergo decreased exchange, 

several other peptides that do not include epitope residues also decrease in exchange 

upon adalimumab binding, which could lead to some ambiguity about identifying the 

epitope. Some examples include 30NRRANAL37L (Figure 4.3B) and 

121GGVFQLEKGDR132L, which presumably decrease in exchange due to the 

stabilization of TNFα, which occurs upon adalimumab binding.25,29 In some cases, these 

peptides are from regions of TNFα that do not contain any DEPC labelable residues (e.g., 

30NRRANAL37L), so in the absence of known structural information, it might be difficult 

to conclude whether or not this protein region includes the epitope. In other cases, 

peptides do contain DEPC labelable residues that help clarify the HDX/MS data. As an 

example, the peptide 121GGVFQLEKGDR132L contains Lys128, which undergoes an 

increase in DEPC labeling extent, indicating that this region is unlikely to include the 

epitope and undergoes decreased HDX due to TNFα stabilization.  

Often, protein regions that undergo binding-induced stabilization can be distinguished 

from epitope regions because the HDX/MS plots of peptides from the stabilized regions 

converge at longer exchange times, such as for the aforementioned peptide 

30NRRANAL37L (Figure 4.3B). However, we find that some peptides that contain 
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epitope residues also converge at longer time points, such as the peptide 

97IKSPCQRETPEGAEAKPWYEPI119Y (Figure 4.3B). This convergence at 24 h creates 

ambiguity about the actual epitope, as HDX data alone would been unable to definitively 

characterize this region as including the epitope. However, DEPC data reveal that Lys112 

decreases significantly in labeling extent, strongly indicating that this part of the protein 

contains epitope residues.  

As is sometimes the case, large peptides are measured during HDX/MS, making it 

difficult to fully resolve where and what kind of structural changes have occurred. For 

instance, the peptide 3SSSRTPSDKPVAHVVANPQAEGQ26L, includes a few epitope 

residues but mostly consists of non-epitope residues. This peptide decreases in HDX, but 

with the HDX/MS data alone identifying the epitope would be challenging. Fortunately, 

this protein region contains seven residues that are labeled by DEPC, and none undergo a 

decrease in labeling (Figure 4.3D and E), indicating that the region spanned by these 

residues is not involved in the epitope. Thus, DEPC-CL/MS effectively helps overcome 

the poor resolution that sometimes occurs in HDX/MS. A similar observation is made for 

several other long peptides such as 49VVPSEGLYLIYSQVLFKGQGCPS72T and 

97IKSPCQRETPEGAEAKPWYEPI119Y, both of which contain DEPC labelable residues 

that complement the HDX/MS data.  
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Figure 4.3: HDX/MS and DEPC-CL/MS results upon comparing the unbound and 

adalimumab-bound forms of TNFα. (A) Primary sequence of TNFα with peptides that 

decrease significantly in HDX indicated with blue horizontal lines. Residues involved in 

the epitope are indicated with magenta boxes. The vertical lines indicate residues that are 

labeled by DEPC but show no change in labeling extent (gray), increases in labeling 

extent (red), and decreases in labeling extent (blue). The β-strands of TNFα are indicated 

with arrows above the sequence. The sequence coverage during the HDX/MS 

experiments was 96% (Figure 4.1A), and the sequence coverage for the DEPC-CL/MS 

experiments was 100%. (B) Representative HDX/MS kinetic plots for select regions of 

TNFα. Residues in magenta are epitope residues. (C) DEPC-CL/MS results for residues 

that undergo decreased labeling upon binding to adalimumab. (D) DEPC-CL/MS results 

for residues that increase in labeling extent upon adalimumab binding (E) DEPC-CL/MS 

results for residues that do not significantly change in labeling extent upon adalimumab 

binding, according to a t-test at a 95% confidence interval.   
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Figure 4.4: Deuterium uptake plots for all peptides that showed a significant 

difference from the free TNFα state to TNFα with adalimumab. The unbound state is 

plotted in black while the bound state is plotted in red. The peptide sequence is indicated 

about each plot with epitope residues indicated in orange. 
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4.3.2. DEPC-CL and HDX of TNFα in complex with infliximab 

The infliximab epitope is smaller than adalimumab and stabilizes TNFα to a slightly 

lesser extent.29 The epitope is made up 13 residues in parts of the C-D, G-H, and E-F 

loops and the C and D β-strands, covering 1,035 Å2 (Figure 4.5).30 There is some overlap 

between the infliximab and adalimumab epitopes, but adalimumab binds to the A-A’ 

loops and D-E loops, which are not part of the infliximab epitope, and the C-D loop is 

important for infliximab binding but not adalimumab binding. Additionally, infliximab 

only binds one protomer of the homotrimer, while adalimumab binds two. When 

comparing the HDX/MS data of free TNFα to the infliximab complex, approximately 

one-third of the detected peptides decrease significantly in deuterium uptake, and one 

peptide increases significantly in deuterium uptake (Figure 4.5A, Figure 4.6, and Table 

C.2). From CL/MS of the unbound and bound forms of TNFα, 26 residues are modified 

by DEPC, with four undergoing an increase in labeling extent, 10 undergoing a decrease, 

and 12 not changing (Table 3.3).  

Of the 14 peptides that decrease significantly in deuterium uptake, 13 of them span 

epitope residues. For example, the peptides 64FKGQGCPSTHVLLTHTISRIAVS87Y and 

133SAEINRPDYLD144F (Figure 4.5B) decrease in deuterium uptake at all time points. 

These peptides also contain DEPC labelable epitope residues (i.e., Ser71, Thr72, and 

Tyr141) that significantly decrease in labeling extent upon infliximab binding (Figure 

4.5C). Such results are consistent with complete burial upon infliximab binding, as both 

methods indicate decreases. Additionally, several residues decrease in DEPC labeling 

extent due to their close proximity to the epitope (e.g. Lys112, Figure 4.7A) or loss of 

solvent exposure due to structural changes that occur upon infliximab binding (e.g. 
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Tyr87, Figure 4.7B).  As was seen with adalimumab binding, a weakly nucleophilic 

residue at the edge of the epitope, Thr105 in this case, undergoes increased DEPC 

labeling due to the creation of hydrophobic pocket around this residue (Figure 4.5D). 

Two peptides that are distant from the epitope undergo changes in HDX. One peptide, 

9SDKPVAHVVANPQAEGQLQWL30N decreases in exchange (Figure 4.5B), yet this 

region contains three DEPC labelable residues that do not change in labeling extent 

(Figure 4.5E). The lack of labeling change for these residues is consistent with this 

region undergoing decreased HDX due to stabilization of the protein rather than burial 

due to antibody binding. The peptide 44RDNQLVVPSEG55L increases in deuterium 

uptake (Figure 4.5B) due to increased dynamics in this region. The one labelable residue 

within this region (i.e. Ser52) does not change in labeling extent, suggesting increased 

dynamics rather than complete unfolding upon infliximab binding.  

Similar to the adalimumab data, some peptides containing epitope residues undergo 

the expected decrease in exchange upon binding, but after 24 h the exchange patterns of 

the infliximab-bound and unbound states converge. Typically, this HDX exchange 

behavior might suggest that this region is not part of the epitope but just undergoes 

changes in dynamics due to protein stabilization. An example is the peptide 

97IKSPCQRETPEGAEAKPWYEPI119Y, which contains four epitope residues. This 

region of the protein also contains six labeled residues, five of which change in labeling 

extent. The decreases in DEPC-CL suggest that this region of the protein has decreased 

solvent exposure, presumably due to infliximab binding.  Decreased labeling of Lys112 

occurs because of the partial burial of this residue when infliximab binds. Labeling 

decreases at Lys98 and Tyr119 are more challenging to explain. Lys98 and Tyr119 are 
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both at the TNFα trimer interface, and stabilization of the trimer upon infliximab binding 

likely causes structural changes that influence the labeling of these residues. Thr105 and 

Ser99 increase in labeling extent. As mentioned above, Thr105 increases due to the 

increased hydrophobic microenvironment that is created around this residue upon 

infliximab binding (Figure 4.7C). Ser99 increases in labeling for similar reasons, as a 

hydrophobic pocket assembles around it due to nearby Phe28 from infliximab (Figure 

4.7D). 

Several long peptides are measured in the HDX/MS dataset, making it difficult to 

resolve exactly where structural changes are taking place solely using the HDX/MS. For 

instance, the peptides 64FKGQGCPSTHVLLTHTISRIAVS87Y and 

125QLEKGDRLSAEINRPDYL143D decrease significantly in exchange. These peptides, 

however, both contain several DEPC labeled residues that help better pinpoint the 

epitope. Ser71 and Thr72 help narrow the epitope to the first part of the sequence of 

64FKGQGCPSTHVLLTHTISRIAVS87Y, whereas the labeling data for Lys128 and 

Ser133, and the decreased labeling of Tyr141 help pinpoint the epitope to the latter part 

of 125QLEKGDRLSAEINRPDYL143D. While this latter peptide does have overlapping 

peptides in the HDX/MS dataset that help increase the structural resolution, the DEPC-

CL/MS data further confirms the location of the epitope.  
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Figure 4.5: HDX/MS and DEPC-CL/MS results upon comparing the unbound and 

infliximab-bound forms of TNFα. (A) Primary sequence of TNFα with peptides that 

decrease significantly in HDX indicated with blue horizontal lines. Residues involved in 

the epitope are indicated with magenta boxes. The vertical lines indicate residues that are 

labeled by DEPC but show no change in labeling extent (gray), increases in labeling 

extent (red), and decreases in labeling extent (blue). The β-strands of TNFα are indicated 

with arrows above the sequence. The sequence coverage during the HDX/MS 

experiments was 92% (Figure 4.1B), and the sequence coverage for the DEPC-CL/MS 

experiments was 95%. (B) Representative HDX/MS kinetic plots for select regions of 

TNFα. Residues in magenta are epitope residues. (C) DEPC-CL/MS results for residues 

that undergo decreased labeling upon binding to infliximab. (D) DEPC-CL/MS results for 

residues that increase in labeling extent upon infliximab binding (E) DEPC-CL/MS 

results for residues that do not significantly change in labeling extent upon infliximab 

binding, according to a t-test at a 95% confidence interval.   
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Figure 4.6: Deuterium uptake plots for all peptides that showed a significant 

difference from the free TNFα state to TNFα with infliximab. The unbound state is 

plotted in black while the bound state is plotted in red. The peptide sequence is indicated 

about each plot with epitope residues indicated in orange. 
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Figure 4.7:Surface view of TNFα in complex with infliximab (A) Residue Lys112 

decreases in DEPC-CL due to partial burial by infliximab. (B) Residue Y87 undergoes a 

decrease in DEPC-CL presumably due to HOS shifts resulting in more solvent exposure 

upon infliximab binding. (C) While Thr 105 is an epitope residue, it increases in labeling 

as a result of an increase in hydrophobic microenvironment created by infliximab 

binding. (D) Residue Ser99 also increases in labeling due to an increase in hydrophobic 

microenvironment due to the proximity to Phe28.  
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4.3.3. DEPC-CL of TNFα in complex with Golimumab 

Golimumab has the smallest epitope covering 905 Å2 and stabilizes the trimer the 

least of the three mAbs studied.29 The golimumab epitope is made up of 13 residues in 

parts of the A-A’, C-D, E-F, and G-H loops and some residues in the C strand. The 

epitope overlaps with some of the same regions of the infliximab and adalimumab 

epitopes, such as the G-H and E-F loops. The HDX/MS data reveal that approximately 

one-fifth of the peptides detected have a significant decrease in deuterium uptake upon 

golimumab binding (Figure 4.9A, Figure 4.8, and Table C.3). The DEPC-CL/MS data 

show 25 residues modified by DEPC, eight not changing in labeling extent upon binding, 

11 decreasing, and six increasing (Table 3.4). 

Similar to the adalimumab and infliximab HDX/MS data, the majority of peptides 

that contain epitope residues undergo a decrease in deuterium uptake upon binding to 

golimumab (Figure 4.9). For example, the peptides 62VLFKGQGCPS72T and 

136INRPDY142L (Figure 4.9B) decrease in deuterium uptake. Likewise, DEPC labelable 

residues at the epitope (i.e., Ser71, Thr72, and Tyr141) decrease in labeling upon 

golimumab binding (Figure 4.9C). Together, these data are consistent with the expected 

effect of burial on the HDX/MS and CL/MS results. As was seen with adalimumab and 

infliximab binding, Thr105, a weakly nucleophilic residue at the edge of the epitope 

undergoes increased DEPC labeling due to the creation of hydrophobic pocket around 

this residue (Figure 4.9D). 

While the majority of the peptides that undergo decreases in exchange include parts 

of the epitope, two protein regions have peptides that decrease in deuterium uptake but 

are distant from epitope. One of these peptides is 124FQLEKGDRLS134A, which 
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decreases in exchange at all time points (Figure 4.9B). The HDX/MS data alone might 

suggest that this span of residues contains the epitope, but increased DEPC labeling at 

Lys128 and no change in labeling at Ser133 indicates otherwise. The absence of DEPC-

CL/MS decreases is consistent with this region being less dynamic rather than buried 

upon binding. Additionally, the peptide 73HVLLTHTISR83I decreases significantly in 

deuterium uptake at all time points (Figure 4.9B). DEPC-CL/MS data can aid in 

interpretation of this HDX/MS data because Thr77 and His78 increase in labeling. By 

considering both the HDX/MS and DEPC-CL/MS data, we can conclude that this region 

of the protein has experienced a change in dynamics, but not a loss in solvent exposure.   

There are a few peptides containing epitope residues whose deuterium uptake 

converges after 24 hours, typically suggesting a change in dynamics. The peptide 

64FKGQGCPSTHVLLTHTISRIAVS87Y, for example, converges after 24 hours, but 

contains four epitope residues (Figure 4.8). DEPC-CL/MS reveals that four residues in 

this protein region, Ser71, Thr72, Ser86, and Tyr87, decrease in labeling extent, thus 

indicating that the deuterium uptake decrease is likely due to a loss of solvent exposure 

rather than reduced dynamics. Indeed, residues Ser71 and Thr72 are epitope residues, and 

while Ser86 and Y87 are distant from the epitope, these decreases could also indicate a 

change in solvent exposure.  

As is the case with the adalimumab and infliximab data, several long peptides are 

measured in the HDX/MS data, resulting in low spatial resolution. Fortunately, 

overlapping peptides make this poor resolution less of an issue for most protein regions in 

golimumab, except the N-terminus, which is spanned by one 23-residue peptide that does 

not change in deuterium uptake (Figure 4.1C). The DEPC-CL/MS data, however, 
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indicates there are a number of changes in this region. There are several residues, 

including Ser9, Thr7, Lys11, and His15, near the N-terminus of the protein and distant 

from the epitope that change in DEPC labeling extent (Figure 4.9C, D, and E). These 

results suggest that there is some side chain reorganization that takes place here that does 

not affect backbone dynamics. 

 

 

Figure 4.8: Deuterium uptake plots for all peptides that showed a significant 

difference from the free TNFα state to TNFα with golimumab. The unbound state is 

plotted in black while the bound state is plotted in red. The peptide sequence is indicated 

about each plot with epitope residues indicated in orange. 
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Figure 4.9: HDX/MS and DEPC-CL/MS results upon comparing the unbound and 

golimumab-bound forms of TNFα. (A) Primary sequence of TNFα with peptides that 

decrease significantly in HDX indicated with blue horizontal lines. Residues involved in 

the epitope are indicated with magenta boxes. The vertical lines indicate residues that are 

labeled by DEPC but show no change in labeling extent (gray), increases in labeling 

extent (red), and decreases in labeling extent (blue). The β-strands of TNFα are indicated 

with arrows above the sequence. The sequence coverage during the HDX/MS 

experiments was 92% (Figure 4.1C), and the sequence coverage for the DEPC-CL/MS 

experiments was 95%. (B) Representative HDX/MS kinetic plots for select regions of 

TNFα. Residues in magenta are epitope residues. (C) DEPC-CL/MS results for residues 

that undergo decreased labeling upon binding to golimumab. (D) DEPC-CL/MS results 

for residues that increase in labeling extent upon golimumab binding (E) DEPC-CL/MS 

results for residues that do not significantly change in labeling extent upon golimumab 

binding, according to a t-test at a 95% confidence interval.  



143 
 

 

4.4. Discussion  

Here we investigate the type of HOS information can be obtained by comparing HDX 

with DEPC-CL/MS data for the purpose of studying antigen:antibody interactions. While 

other studies have used FPOP/MS in combination with HDX/MS to study such 

interactions, this is the first study to investigate DEPC-CL/MS in conjunction with 

HDX/MS for this purpose. Because FPOP takes place on the sub-millisecond time scale, 

it is affected by changes in side chain dynamics; however, DEPC-CL has a much slower 

intrinsic reaction rate and less sensitive to these changes. 23,24. Our results suggest DEPC-

CL/MS can be used to clarify ambiguous HDX/MS results. Additionally, due to 

difference in resolution (i.e., HDX/MS most often provides peptide-level resolution while 

DEPC-CL/MS provides residue level resolution), the two methods provide 

complementary information. Finally, in regions where there are changes in HDX that do 

not take place at the epitope, considering DEPC-CL/MS data can illuminate what types of 

structural changes have taken place.  

4.4.1. DEPC-CL and HDX provide Complementary Information  

DEPC-CL/MS reports on side chain solvent accessibility and microenvironment 

while HDX/MS measures solvent accessibility and backbone dynamics. As a result, the 

two methods can provide complementary information. Our data reveal that both methods 

generally report decreases in labeling and exchange at the epitope due to less solvent 

exposure upon mAb binding. For all three mAbs studied, most (76%) of the peptides that 

decrease significantly in deuterium uptake include epitope residues. Similarly, most 

(70%) of labelable epitope residues decrease in DEPC-CL, and the remaining 30% are 
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Ser, Thr, or Tyr residues that become newly labeled upon mAb binding because of the 

creation of a hydrophobic pocket that enables DEPC reactivity.23,32,38,39  This 

complementarity between the two methods can be best observed with the TNFα complex 

with adalimumab. TNFα experiences decreases in HDX that span the majority of the 

protein sequence. By using solely HDX/MS data, one would not be able to definitively 

determine the location of the epitope. However, when the DEPC-CL/MS data is 

considered, the location of the epitope is narrowed down better (Figure 4.10).  

Additional complementarity between the two methods stems from differences in 

resolution. In its most commonly used manner, HDX/MS provides peptide-level 

resolution. However, peptide lengths can range from 5 to 25 residues or sometimes even 

more. Thus, depending on which peptides are produced and detected, the spatial 

resolution can make it hard to pinpoint the parts of the peptide that are responsible for the 

decrease in deuterium uptake. While DEPC only labels ~30% of a protein’s sequence, it 

provides residue level resolution, and therefore, it can often help pinpoint the parts of 

long peptides that are responsible for the observed decreases in deuterium uptake. For 

instance, in the adalimumab data the peptide 49VVPSEGLYLIYSQVLFKGQGCPS72T 

decreases in labeling extent, but its length makes it challenging to pinpoint the epitope. 

This region of the protein contains five labeled residues, three of which either increase or 

do not change in labeling extent while the other two, Ser71 and Thr72, decrease in 

labeling extent. When the DEPC-CL/MS data is considered together with the HDX/MS 

data, it is revealed that the C-terminal end of this peptide has likely decreased in solvent 

exposure and is responsible for the decrease in deuterium uptake while the N-terminal 

end is not likely responsible for the decrease. 
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This complementary is also observed in the infliximab data where there is a ~20 

residue span from residues 65 to 87 that is covered by two different peptides that 

decrease in labeling extent. There are four labeled residues in this region, Ser71, Thr72, 

Ser86, and Tyr87. Ser71 and Thr72 are epitope residues, and both are prevented from 

labeling upon binding infliximab, while Ser86 does not change in labeling extent. Even 

though Tyr87 does decrease in labeling, changes to both Ser71 and Thr72 suggest that the 

N-terminal end of these peptides is more likely responsible for the decrease in solvent 

exposure and associated loss of deuterium uptake. By considering the data together a 

more confident conclusion about the epitope location can be made.  

Additional complementarity for these two methods is observed in regions where one 

method cannot provide any information, either for lack of sequence coverage, or lack of 

labeling. For instance, there is one 36-residue span of TNFα from Val16 to Pro51 that 

contains no DEPC labelable residues, but the HDX/MS data contains several peptides 

that span this region. HDX/MS reveals that TNFα undergoes no structural or dynamical 

change upon binding golimumab, but it does undergo more complex structural changes 

upon binding adalimumab and infliximab. DEPC-CL/MS alone would not give any 

structural information regarding this section of TNFα, but HDX/MS clearly does. 

Additionally, despite the excellent sequence coverage in the HDX/MS dataset with 

golimumab, there is no coverage around Ser95. In contrast, DEPC-CL/MS data indicate 

that this residue decreases in labeling extent, suggesting a structural change in this region 

of the protein.  
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4.4.2. DEPC-CL can clarify ambiguous HDX results  

Upon binding to a mAb, antigens can be stabilized, causing a decrease in backbone 

dynamics, such as is seen with TNFα. Decreases in backbone dynamics lead to less HDX, 

and decreases in solvent exposure due to binding also lead to less HDX. Both types of 

HDX decreases sometimes lead to ambiguous results. When the three different mAbs 

bind TNFα, different extents of stabilization occur, causing different extents of deuterium 

uptake. Decreases in HDX span more regions in adalimumab than infliximab or 

golimumab, and the trend follows the degree of TNFα stabilization that is known to occur 

with the three mAbs.  DEPC-CL has a relatively slow reaction rate, as compared to HDX, 

and thus labeling by this reagent is not affected by protein dynamics that occur on the 

millisecond to second timescale.  The slower reaction timescale of DEPC-CL allows the 

labeling results from this reagent to clarify ambiguous HDX/MS data. This effect is most 

prominent in the adalimumab data where decreases in HDX occur throughout the entire 

protein, whereas DEPC-CL decreases occur almost exclusively at the epitope (Figure 

4.3A), but the effect is also seen in the infliximab (Figure 4.5A) and golimumab data 

(Figure 4.9A) as well. 

Often the ambiguity in HDX data can be resolved by measuring exchange at much 

longer time periods where less dynamic regions have enough time to fully exchange 

while buried sites usually do not. For example, HDX of the peptide 30NRRANAL37L with 

and without adalimumab (Figure 4.3B) converges after 24 h of exchange, correctly 

indicating a decrease in backbone dynamics due to trimer stabilization. However, 

97IKSPCQRETPEGAEAKPWYEPI119Y in the E-F loop also exhibits this exchange 

behavior (Figure 4.3B) even though it contains the largest region of the TNFα epitope. 
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Decreased DEPC labeling at residue Lys112, which is in the epitope, indicates a loss of 

solvent exposure, clarifying that binding is taking place in this region of the protein. A 

similar result is observed in the infliximab data for this peptide as well. HDX of this 

peptide with and without infliximab converges after 24 h, yet Lys112 decreases in DEPC 

labeling extent. Of course, Thr105, which is in this peptide and is part of the epitope, is 

newly labeled upon infliximab binding, which could add some ambiguity in the DEPC 

dataset. However, we consistently find that Ser, Thr, and Tyr residues that become newly 

labeled upon binding are present at or near the epitope. The hydrophobic pockets that are 

created when the antibody and antigen bind presumably increase the local DEPC 

concentration, allowing these weakly nucleophilic residues to be labeled. 23,32,38,39 

Consequently, increased labeling of Ser, Thr, or Tyr residues, along with decreased 

labeling of nearby Lys and His residues, are probably best interpreted as binding regions. 

Overall, the DEPC labeling changes help resolve some of the ambiguity associated with 

the HDX/MS data.  
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4.4.3. DEPC-CL and HDX can reveal HOS changes distant from the epitope  

 While the data provided about the epitope by HDX/MS and DEPC-CL/MS is 

valuable, also interesting is the HOS information obtained by these two methods at 

locations distant from the epitope. It is regions like this where the methods are 

synergistic, and the HOS obtained by combining the methods is greater than the sum of 

their parts. In the infliximab dataset, the peptide 9SDKPVAHVVANPQAEGQLQWL30N 

decreases in deuterium uptake. This protein region contains three labeled residues, none 

of which change in labeling extent. Thus, it can be concluded that the region from Ser9 to 

His15 experiences a decrease in dynamics, but not a corresponding decrease in solvent 

exposure or side chain microenvironment. Moreover, the two datasets confirm that this 

region is not part of the epitope.  

 Another example of the synergy of the two techniques are two overlapping 

peptides in the D strand from His73 to Ile83 that both decrease in deuterium uptake upon 

Figure 4.10: HDX decreases, DEPC-CL decreases, and epitope 

plotted on the TNFα structure (A) HDX decreases span the majority of 

the protein (B) DEPC-CL decreases are localized to regions where the 

(C) epitope is.  
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golimumab binding, even though they do not span any epitope residues. There are two 

labeled residues in this region, Thr77 and H78, that increase in DEPC labeling extent. 

These DEPC increases suggest that the decrease in deuterium uptake is due to decreased 

protein dynamics and confirm that this peptide is not part of the epitope. Indeed, this 

region is important for trimer stabilization, not mAb binding.  

 Lastly, adalimumab and golimumab binding both result in peptides from residue 

121 to 134 that decrease in HDX even though they are not involved in the epitope. This 

region contains residue Lys128 that increases in labeling extent and Ser133 that does not 

change. The lack of a DEPC-CL decrease in this region indicates a change in dynamics, 

but not a loss of solvent exposure. Together, the HDX/MS and DEPC-CL/MS data clarify 

that this protein region is not part of the epitope but undergoes a decrease in dynamics 

due to binding-induced stabilization.  

4.5.  Conclusions 

DEPC-CL/MS and HDX/MS are complementary methods. HDX/MS reports on 

back bone solvent exposure and dynamics, while DEPC-CL/MS reports on side chain 

solvent exposure and microenvironment. Because HDX/MS provides data on both 

protein dynamics and solvent exposure, it can often lead to ambiguous results, especially 

in antibody:antigen systems. The HDX/MS data of TNFα in complex with adalimumab 

reveals decreases in deuterium uptake that span the entire protein. In contrast, DEPC-CL 

decreases primarily take place at the epitope, thus clarifying the HDX/MS data. The 

methods also complement in terms of structural resolution. HDX/MS data sometimes 

contains long peptides that make it difficult to identify epitope regions, while the single-

residue resolution inherent in DEPC can pinpoint the residues involved in mAb binding. 
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On the other hand, sometimes large stretches of a protein are devoid of DEPC labelable 

residues yet can still undergo meaningful HDX.  Finally, the two methods can provide 

synergistic information, especially when regions that decrease in HDX do not decreases 

in DEPC-CL. Such regions usually indicate decreased protein dynamics due to binding-

induced stabilization. Neither DEPC-CL/MS nor HDX/MS alone confidently identify 

such regions, but the combination of the two methods allow this conclusion to be made 

confidently. Our results highlight the complementarity between these two techniques for 

study of epitopes and antibody:antigen interactions and suggest that they can be applied 

more broadly to other protein:protein systems. We predict the application of HDX/MS 

and DEPC-CL/MS together for studying HOS of protein therapeutics has the potential to 

aid and accelerate therapeutic protein development. 
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Chapter 5  

Summary and Future Directions 

5.1. Summary  

This dissertation has focused on the use of diethylpyrocarbonate (DEPC) covalent 

labeling (CL) and hydrogen deuterium exchange (HDX), each combined with mass 

spectrometry (MS) to characterize the higher-order structure (HOS) of protein 

therapeutics. Both DEPC-CL and HDX characterize protein HOS by encoding the 

structure into the mass of the protein. Due to the differences in mechanism and 

experimental set up, the use of these two methods together provides a synergistic picture 

of protein structure. DEPC is a simple to use, commercially available CL reagent that 

reacts with nucleophilic residues to reveal a protein’s structural properties with residue 

level resolution. HDX is a well-established technique that not only reports on solvent 

accessibility but is uniquely suited to detect protein dynamics. Characterizing therapeutic 

protein HOS, and specifically mAb HOS, is notoriously difficult, however is necessary 

for development of protein therapeutics. This dissertation aims to address the need in 

pharmaceutical industry for robust and high throughput methods of HOS 

characterization. Here we describe how DEPC can be used to study antibody-antigen 

interactions and how the use of HDX and DEPC-CL together can give a great depth of 

structure information than the sum of their parts for heat stressed mAbs and antibody-

antigen interactions.  

In Chapter 2, we investigated the use of HDX and DEPC-CL for studying HOS 

perturbations caused by heat stress. Using rituximab as a model mAb we find that DEPC-

CL is more sensitive to subtle HOS perturbations caused by low levels of heat stress (i.e., 
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45°C and 55°C). However, we also demonstrate that at high heat stress conditions (i.e., 

65°C) HDX and DEPC-CL together provide information about the complex structural 

changes that take place in the protein. We show that there are changes to side chain 

orientation that result in changes in labeling extent, but that these changes do not 

necessarily correspond to changes in protein dynamics. Additionally, we hypothesize that 

regions where both methods show decreases are likely sources of aggregation, which is 

supported by aggregation prediction software. By considering the complementary data 

provided by each method, we show that more confident conclusions about complex HOS 

perturbations can be revealed. To the best of our knowledge, this is the first report of 

DEPC-CL/MS in parallel with HDX to study subtle HOS changes of a therapeutic mAb 

at the temperature below the antibody melting temperature. 

In Chapter 3, we explored the use of DEPC-CL for studying antigen-antibody 

interactions. The model system used was TNFα in complex with three different mAbs. 

The labeling extent of residues on free and bound TNFα were compared to determine 

DEPC’s utility for studying epitopes and antigen HOS changes. CL/MS using DEPC 

offers some advantages over other MS-based techniques for revealing protein-protein 

interfaces, such as the TNFα epitope. DEPC labeling reports on side chains, thereby 

providing a direct indication of binding interfaces. Decreased labeling at specific residues 

can be used to elucidate the binding interfaces because protein aggregation and ligand 

binding decrease the solvent accessibility of the side chains involved in the epitope. We 

found that generally, DEPC decreases were located at epitope residues and increases 

were often a result of changes in microenvironment to weakly nucleophilic residues. 
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Changes in labeling extent that do not fall into either of the previously mentioned 

categories often are a result of more complicated quaternary HOS. 

In Chapter 4, we again apply DEPC-CL and HDX in parallel, this time to investigate 

antibody- antigen interactions. The same model system in chapter 3 of TNFα in complex 

with three different therapeutic mAbs was used. The benefit of this system over the 

previous heat stressed rituximab system is that the crystal structures of TNFα in complex 

with each of these antibodies is available. Thus, we can be more confident with the 

conclusions we make about the HOS perturbations that take place upon mAb binding. We 

find that by using the two methods together we can clearly determine locations of 

dynamics changes versus changes in solvent exposure. In the TNFα:adalimumab 

condition, DEPC can clearly clarify ambiguous HDX results. HDX decreases span the 

majority of the protein while decreases in DEPC-CL are localized to the epitope. The 

TNFα:infliximab condition highlights that HDX information can provide dynamics 

information that cannot be obtained from crystal structure data. A peptide increases in 

HDX meaning it become more dynamic upon antibody binding. All together the data 

from the three mAbs demonstrates the synergistic information that can be provided by the 

two methods.  

As a result of the growing importance of protein therapeutics and the necessity to 

characterize their structure, robust methods to study protein HOS are needed. Here, we 

demonstrate that as a result of differences in intrinsic reaction rate, reaction mechanism, 

and experimental set up, HDX/MS and DEPC-CL/MS are complementary, and 

sometimes synergistic, methods for studying protein therapeutic structure. Previous work 

has shown DEPC-CL/MS and HDX/MS can provide complementary information about 
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protein-ligand interactions, but this work is the first instance of DEPC-CL/MS and 

HDX/MS being used together to study mAb HOS perturbations caused by heat stress. 

The data presented here suggests these methods can be applied more broadly to study 

mAb stability and HOS perturbations. Additionally, the application of DEPC-CL/MS and 

HDX/MS is used for the first time to study antigen:antibody interactions. Our results 

indicate that DEPC-CL/MS and HDX/MS together should be applicable to a variety of 

protein:protein systems, providing accurate information about binding sites and binding-

induced structural changes. Moreover, the methods are valuable tools for epitope 

identification and can be used to garner a deeper understanding of mAb mechanisms of 

action.  

5.2. Future Directions  

The following sections discuss possible future applications of combining DEPC-

CL/MS and HDX/MS as well as possible future improvements to the methods and data 

interpretation.  

 

5.2.1. Other CL reagents for epitope mapping  

While DEPC is capable of mapping ~30% of the sequence of the average protein 

there is a likelihood that the residues of interest may not be labelable by DEPC. For the 

work with TNFα, out of 25 epitope residues for adalimumab, only 10 are labelable by 

DEPC. Expanding the labeling reagents used could provide higher resolution and could 

provide further clarification about which changes are a result of loss of solvent exposure, 

and which changes are a result of changes in microenvironment. A promising new 

reagent currently being explored is an α, β-unsaturated carbonyl scaffold (ABUC). 
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ABUC can react with up to 13 different residues and thus provides a higher resolution 

than DEPC. While ABUC is promising, is not compatible with reducing agents such as 

TCEP and DTT meaning it is not a good reagent to study the structure of any protein with 

disulfides. Other reagents such as GEE, or HNSB may provide further information that 

could be helpful. Ideally reagents that have relatively slow intrinsic reaction rates are best 

for combination with HDX because they provide the most synergistic information. 

Methods like FPOP or carbene labeling provide information more similar to HDX as they 

react much faster and can report on dynamic changes.  

5.2.2. Molecular modeling  

Molecular modeling, or molecular dynamics (MD) simulates the movements of 

atoms or molecules in a protein. While additional labeling reagents may provide higher 

structural resolution, molecular modeling of protein systems will add an additional layer 

of HOS information that neither HDX nor CL could provide. By combining the data from 

all three methods it will be possible to get a clearer picture of protein HOS. Previous 

work in other groups has demonstrated the utility of MD simulations combined with 

HDX for data interpretation of which HOS perturbations are likely taking place.87,88 The 

addition of MD data began to be explored in the TNFα data with modeling of TNFα 

alone and TNFα in complex with a single Fv fragment of adalimumab. This data was able 

to clarify some of the labeling data that was inconsistent with previous understandings of 

the DECP mechanism. For instance, MD shows that while some lysine and histidine 

residues may appear buried in the static crystal structure, they do have a significant 

amount of solvent exposure when their dynamics is revealed. Information from MD will 

also provide insight into microenvironment of residues such as serine, threonine, and 
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tyrosine, highlighting changes in side chain orientation that may lead to labeling extent 

changes. Future work incorporating MD with HDX and CL will inform over labeling 

studies, give greater insight into protein interfaces, and clarify ambiguous data.  

5.2.3. Paratope mapping and investigating the HOS changes of mAbs upon antigen 

binding  

The work in this dissertation around antigen-antibody interactions focused mainly 

on the HOS changes of the antigen upon mAb binding and epitope mapping. However, 

investigating the HOS changes of the antibody and paratope mapping is just as valuable. 

Due to the nature of HDX and DEPC-CL experiments, the HOS data of the antibody is in 

the mass spectra that has already been acquired and needs to be extracted and analyzed. 

While methods were optimized for TNFα analysis, there is still a significant amount of 

mAb data that can be processed. By processing this data, we could learn about the HOS 

of mAbs upon binding with TNFα. The HDX data would show changes in dynamics and 

solvent exposure while the DEPC-CL data could show changes in microenvironment and 

solvent exposure. A larger DEPC-CL data set might also help to interpret the data from 

Chapter 3 investigating TNFα with DEPC alone.   
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APPENDICES  

APPENDIX A 

A. CLEAVAGE PROFILE OF PROTEIN SUBSTRATES BY CLPXP 

REVEALS DELIBERATE STARTS AND PAUSES 

Majority of this appendix part of a journal article published as: Catherine Y. Tremblay, 

Robert H. Vass, Richard W. Vachet, and Peter Chien, Cleavage profile of protein substrates 

by ClpXP reveals deliberate starts and pauses, Biochemistry 2020 59 (44), 4294-4301 

 

A.1. Introduction:  

AAA+ proteases are required in all kingdoms of life during both normal growth and 

stress responses. In bacteria, the highly conserved ClpXP system is responsible for 

degradation of hundreds of substrates,1,2 including products of stalled translation through 

the tmRNA-mediated trans-translation system.1,2 ClpX consumes ATP to power 

recognition and unfolding of a target substrate, gripping proteins with a series of pore-

loops, and translocating the unfolded polypeptides through a central pore to the 

chambered ClpP peptidase, where the protein is hydrolyzed to small peptides.1,2 ClpXP is 

able to degrade proteins of diverse sequence and structural composition, without 

particular selectivity once substrate degradation is initiated. 1,2 Unfolded substrates are 

degraded more rapidly than folded substrates, but the relationship between target 

structure and unfolding is principally dependent on unraveling of local kinetically stable 

elements rather than global thermodynamic stability.3 Importantly, how these parameters 

translate into the peptide products of degradation is less clear.  

Initial studies have shown that the ClpP family of proteases produces peptides that 

range from 8-12 residues in length.4-6 Structural and biochemical studies7 reveal dynamic 
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pores that circumscribe the ClpP barrel and prevent larger peptides from exiting the 

chamber. Peptide product identity has been far less explored than other parameters of the 

ClpXP processing cycle as ClpP is relatively nonspecific based on preferences 

established with short peptide reporters.5 Interestingly, during proteotoxic conditions, 

peptides released from the mitochondria ClpP trigger activation of the mitochondria 

unfolded protein response8 suggesting that release of specific peptides could be a 'canary 

in the coalmine' signal for cells to respond to stress. Therefore, understanding what 

constraints drive peptide cleavage in the ClpP-family of proteases may aid in our 

discovery of these signals.  

Here, we use a series of structurally distinct substrates and high-resolution mass 

spectrometry to determine the specific sites and patterns of substrate cleavage. We find 

that translocation speed, recognition efficiency, or number of active catalytic sites have 

negligible effects on product peptide identities. Rather, local structural constraints and 

product length superimposed on intrinsic peptide site preferences are the major drivers 

for where cleavage ultimately occurs. Interestingly, we also find a substrate-independent 

enrichment of peptides with a 12-residue average periodic cleavage pattern. In light of 

recent structural and single molecule studies, we interpret this 12-residue preference as 

the existence of a pause during ClpXP degradation of the Caulobacter crescentus species, 

driven by resetting of the ClpX ring and cleavage of the polypeptide extended into the 

ClpP chamber at sites constrained by primary sequence preference.  
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A.2. Results and Discussion 

A.2.1. Cleavage preference is unaffected by substrate extrinsic reaction 

parameters. 

Three proteins, GFP, RcdA, and β2m, that differ in size and secondary structure were 

expressed with an ssrA tag on the C-terminus and subjected to in vitro degradation by 

ClpXP. The peptides that are produced upon degradation of GFPSsrA, RcdAssrA, and 

disulfide-reduced β2mssrA were identified by LC/MS/MS (Figure A.1A). Sequence 

coverages ranging from 92-100%, with an average of 96% ± 3% (n=14), were obtained 

under standard degradation conditions. This high sequence coverage provides 

unprecedented insight into how substrates are digested by ClpXP. From these 

experiments, we find that cleavage is preferred when Leu, Met, Ser, or Ala residues are 

directly adjacent to the cleave site in the n-terminal direction, or the P1 position, while 

other positions show no obvious cleavage specificity (Figure A.1B). When each protein 

substrate is considered separately, the preference for the hydrophobic residues, Leu and 

Met, at the P1 position persists (Figure A.1C, D, E).  

While this method of data analysis indicates preferred residues at cleavage sites, it 

does not clearly represent nonpreferred residues nor does it account for how often each 

residue appears in the sequence of the protein. To address these issues, the frequency 

with which a residue appears at the C-terminus of a peptide fragment was normalized to 

the frequency with which it is found in the protein sequence. Figure A.1F, G and H 

depict this normalized data, where values greater than zero indicate a preference for 

cleavage at the P1 position, values less than zero indicate that cleavage at a given residue 

is disfavored, and a value of zero indicates that cleavage at this residue is as likely as 

random chance. From this analysis, we find a preference for cleavage at Leu and Met 
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residues but also at Ala, Gly, Ser, and Asn residues. These cleavage preferences persist 

across the studied substrates, with 81% agreement (Pearson correlation) between reduced 

β2m and GFP and 77% agreement between RcdA and GFP for cleavage preference at the 

P1 position. The intrinsic preference of ClpXP for hydrophobic residues at the P1 

position is consistent with previous work in which Gersch and coworkers found general 

cleavage preferences at Met, Ser, Leu, and Ala at the P1 position for human ClpP, 

Escherichia coli ClpP, and Staphylococcus aureus ClpP upon digestion of both 

endogenous substrates and peptide libraries.5 Our data with a fourth species, Caulobacter 

crescentus ClpP, demonstrates that the preference is conserved across all these species. It 

is possible that differences observed in peptide products from ClpXP originating in 

different species could be a result of differences in dynamics or sequence of each unique 

species.  

We next considered the length of produced peptides and found average peptide lengths 

of 13 ± 5, 13 ± 5, and 15 ± 6 residues for GFP, β2m, and RcdA, respectively, based on at 

least three replicate experiments for each protein. Peptide distributions are skewed 

towards higher molecular weights with peptides up to 28 amino acids observed in some 

cases (Figure A.2). When the distribution of peptides is weighted by their mass spectral 

intensities, we observe that the average lengths for GFP, reduced β2m, and RcdA are 11 

± 3, 12 ± 3, and 12 ± 4 residues, respectively. A similar MS-based analysis from Sieber 

and co-workers showed peptide product length distributions ranging from 8-12 residues 

derived from protein degradation by ClpXP,589 largely consistent with what we find. 
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Figure A.1: Primary structure cleavage specificity of ClpXP. (A) Schematic depiction 

of tagged protein digestion, separation, and analysis. Residues directly adjacent to the 

cleavage site in the N-terminal direction are indicated as P1, P2 and P3, and residues 

directly adjacent to the cleavage site in the c-terminal direction are indicated as P1’, P2’ 

and P3’, numerically increasing as they are further from the cleavage site. Weblogo 

representation of cleavage preferences for all substrates (B), GFP (C), reduced β2m (D), 

and RcdA (E). Amino acid preferences at the P1 position normalized to presence in the 

given protein for GFP (F), reduced β2m (G), and RcdA (H).  
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Figure A.2: Peptide length histogram for standard digestion of ClpXP and digestion 

with the sspB adapter. (A) GFP, (B) RcdA, and (C) disulfide reduced β2m. 

 

 

Figure A.3: Peptide length histogram weighted for mass spectral intensity for 

standard digestion of ClpXP and digestion with the sspB adapter. (A) GFP, (B) 

RcdA, and (C) disulfide reduced β2m 
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Having determined that cleavage specificity or length is not substrate dependent, we 

investigated if degradation rate influences these parameters. For example, slowing 

proteolysis may increase the dwell time a substrate spends within the barrel of ClpXP 

which may affect cleavage specificity or product length. Using GFPSsrA, we first 

investigated changes in ATP concentration as ATP hydrolysis affects degradation rate. 

By using sufficiently low ATP concentrations ranging from 7 to 31 µM, we could adjust 

the degradation rates substantially as monitored by loss of fluorescence (Figure A.5A). It 

is worth noting that at 7 µM ATP virtually no loss of full-length protein is observed by 

the fluorescence assay, but peptides are still generated and detected by MS, highlighting 

the sensitivity of our measurements. Overall, there is no significant difference in peptide 

length or cleavage specificity as compared to saturating ATP concentrations (Figure 

A.4). An analysis of the cleavage specificity of protease under optimal cleavage 

conditions compared with low ATP levels indicates greater than 97% agreement (Pearson 

correlation) for the preferred residues in the P1 position (Table A.1). The fact that 

peptide distributions are the same regardless of ATP concentration further supports our 

understanding that ClpXP is a highly processive protease and once engaged with a 

substrate will fully degrade that target. We note that this effect could also be contributed 

by ClpP itself given prior work suggesting that peptide bond hydrolysis alone may be 

sufficient to power processive degradation.9  

ClpP degradation rate was also reduced by inhibiting active sites with the protease 

inhibitor diisopropyl fluorophosphate (DFP). DFP inhibits ClpP activity in a dose-

dependent manner (Figure A.5B) by binding covalently and irreversibly to the active site 
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serine. Previous studies have shown that degradation of substrates by DFP-treated ClpP 

results in release of partially processed intermediates.10 We speculated that by inhibiting 

some active sites, longer peptides with different cleavage specificities might be produced 

as there are fewer active sites available to cleave the protein. However, digestion of GFP 

in the presence of 5, 25, and 100-fold molar excesses of DFP resulted in both peptide 

length and cleavage specificity that were very similar to control experiments without DFP 

(i.e. >93% similar; see Table A.1). These results indicate that inhibiting active sites does 

not change cleavage preference or distribution of final peptide products, even though 

overall proteolysis is slowed.  

 

Figure A.4: peptides length histogram for digestion of GFP under (A) DFP inhibited 

degradation and (B) ATP limited degradation 

 

We also increased degradation rates by using the SspB adaptor, which delivers ssrA-

tagged substrates more effectively to ClpXP (Figure A.5C). Similar to slowing the 

reaction, accelerating the reaction has little effect on cleavage specificity or the resulting 

peptide length distribution (Figure A.2 and Table A.1). The primary sequence cleavage 



169 
 

specificity and the peptide length distributions were >92% and >89% correlated, 

respectively, to GFP degradation under standard conditions (Table A.1). Together, our 

data show that the fundamental distribution of cleavage sites within a substrate degraded 

by ClpXP is mostly unaffected by energy consumption, number of peptide hydrolysis 

sites, or efficiency of substrate recognition, as summarized in Figure A.5E and Table 

A.1.  

 

 

Table A.1: A summary of the Pearson correlations of primary sequence cleavage 

specificity and peptide length distribution as compared to native GFPSsrA 

degradation under standard conditions 

 

 Primary sequence cleavage 

in P1 position  

Peptide length 

distribution 

Cleavage 

location on 

sequence  

RcdA 

 

77% 86%  

Reduced β2m 

 

81% 93%  

β2m 

 

75% 92%  

GFP +7µM ATP 

 

98% 95% 97% 

GFP +15µM 

ATP 

98% 95% 96% 

GFP +30µM 

ATP 

97% 97% 97% 

GFP +5X DFP 

 

93% 93% 82% 

GFP +25X DFP 

 

97% 95% 86% 

GFP +100XDFP 

 

97% 93% 87% 

GFP +sspB 

 

92% 89% 91% 
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Figure A.5: Altered reaction conditions and rates do not change ClpXP cleavage 

specificities. (A) GFP degradation rate at varying ATP concentrations; 125 µM ATP (red) 31.25 

µM (green), 15.6 µM (blue), and 7.8 µM (purple). (B) GFP degradation rate at 0.5, 5, 25, 50, and 

100-fold molar excesses of the inhibitor DFP. (C) Cartoon depiction of the sspB adapter 

facilitating substrate orientation. (D) GFP degradation rate in the presence(blue) and 

absence(red) of the sspB adapter. (E) Heat map that summarizes the GFP cleavage locations 

under various reaction conditions. A darker shade of green indicates a higher incidence of 

cleavage, while white indicates a low incidence of cleavage. At the bottom of the plot, the gray 

scale indicates the cleavage specificity derived from Figure 1F with darker colors corresponding 

to amino acids that are more preferred in the P1 position. 
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A.2.2.  Cleavage specificity is constrained by position 

Interestingly, the preferences shown in the heatmaps of Figure A.5E suggest that 

there is positional specificity in the cleavage products of ClpXP. When mass spectral 

weighted cleavage sites are plotted as a function of substrate length for all substrates 

(Figure A.9), it becomes clear that there are “hot spots” that are not solely correlated to 

sites most likely to be cleaved based exclusively on primary sequence preference (Figure 

A.9 and Figure A.1F). The average amino acid spacing between each peak in Figure A.6 

is 12 ± 3 (GFP), 12 ± 3 (β2m), and 13 ± 6 (RcdA), consistent with the peptide length 

distributions shown previously. Moreover, a power spectral analysis of the plots in 

Figure A.6, from a Fast Fourier Transform, reveals defined frequency components for 

the cleavage of each substrate, while no such defined frequency components are observed 

when the same analysis is done on the sequence preference (Figure A.10). These defined 

frequency components presumably correspond to discrete cleavage step sizes. Cleavage 

patterns also deviate when comparing the C-terminus (which would be the first to enter 

the ClpP chamber). In particular, near the initiation site at the C-terminus, cleavage site 

seems mostly driven by amino acid identity until a structured region is encountered, then 

cleavage appears to occur at regular intervals thereafter (Figure A.7). This observation 

suggests that upon initiation, cleavage of the pioneering sequence entering the ClpP 

chamber is random (resulting in no significant accumulation of a particular site), but once 

structured regions are being translocated, there are deliberate pauses in the processive 

degradation which result in enrichment of cleavage sites spaced 10-13 residues apart 

(Figure A.6).  
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Figure A.6: Cleavage incidence locations on the studied substrates weighted for 

mass spectral intensity. (A) GFP, (B) RcdA, (C) reduced β2m and (D) oxidized β2m. 

The location of the disulfide bond is depicted as a black line. Data were subject to a 

moving average smoothing over 3 data points. The black and gray bars on each graph 

represent primary sequence cleavage specificity, where darker colors indicate higher 

likelihood of cleavage. 
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Figure A.7: Cleavage incidence locations on the studied substrates weighted for 

mass spectral intensity. (A) GFP, (B) RcdA, (C) reduced β2m and (D) oxidized β2m. 

Secondary structure is indicated underneath with blue arrows representing beta sheets, 

purple helices representing alpha helices and the chromophore of GFP represented as a 

star. The location of the disulfide bond is depicted as a black line. Data was subject to a 

moving average smoothing over 3 data points. The black line on each graph represents 

primary sequence cleavage specificity. 
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A.2.3. Disulfide effects on positional cleavage specificity 

To further investigate the effect of protein higher order structure on ClpXP cleavage 

patterns, we examined the peptide products of the ssrA-tagged disulfide-bonded form of 

β2m. Peptides resulting from digestion of β2m with an intact disulfide bond are notably 

different than peptides produced from the reduced form of the protein (Figures 3C and 

3D), with only a 55% correlation in the cleavage locations. This difference is even more 

apparent when the observed cleavage sites are weighted for mass spectral intensity 

(Figure A.6D). Considered in this way, there is a preference for cleavage at residues 66 

and 78-80 in the reduced form but a preference at residues 4 and 12 for the oxidized 

form. We do not observe a significant difference in the degradation efficiency of between 

oxidized and reduced β2m, nor do we observe any aggregation of either form of this 

substrate. Because ClpX is known to accommodate a disulfide-bond linked polypeptide,11 

this suggests that the translocation of this more structured region results in a reset of 

cleavage site preference.  
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Figure A.8: Peptide length distribution for ClpA degradation compared to ClpX, (A) 

weighted for mass spectral intensity and (B) unweighted. 

 

 

Figure A.9: Cleavage incidence locations on the GFP weighted for mass spectral 

intensity for ClpX and ClpA. Data were subject to a moving average smoothing over 3 

data points. The black and gray bars on each graph represent primary sequence cleavage 

specificity, where darker colors indicate higher likelihood of cleavage. 
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Figure A.10: Fast Fourier transform (FFT) of cleavage incidence of (A) GFP 

observed cleavage locations, (B) GFP amino acid sequence preference, (C) RcdA 

observed cleavage locations, (D) RcdA amino acid sequence preference and (E) reduced 

β2m overserved cleavage locations, and (F) β2m amino acid sequence preference. FFT 

analysis was done using the Origin FFT function with default setting with the exception 

of the blackman window which was used to exclude the C-terminus. FFT analysis 

confirms periodicity in cleave location of each substrate that does not exist if simply the 

primary sequence is considered. Peptide length values were calculated using the 

reciprocal of the frequency.    
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A.3.  Discussion 

Rather than a simple two-step process of recognition and degradation, our data 

indicate additional steps occur after the initial translocation during the degradation 

process of C. cresentus ClpXP that are influenced by the tertiary structure of the substrate 

(Figure A.6D). We propose that initiation of degradation is followed by several cycles of 

translocation and a defined pause such that unfolded substrates dwell in the peptidase 

chamber and those preferred sites most accessible to the ClpP active sites can be cleaved, 

while others remain out of reach (Figure A.11). Indeed, prior work shows that while 

ClpP is highly specific for certain residues when degrading small peptides, larger 

polypeptides show less discrimination in their products.5 Given the high measured 

sequence coverage we obtain in our study, we predict that this difference in stringent 

selectivity stems from the position dependent cleavages we describe here.  

We consider a possible model which explains our results based on recent structural 

and single molecule experiments. Recent cryo-electron microscopy studies of ClpXP 

bound to substrate show that subunits of ClpX form a shallow right-handed spiral, 

resulting in a grip that easily spans 10-13 residues (Figure A.11).7,12 In the continuous 

spiral portion of these static structures, the pore loops of each subunit grip the substrate 

two residues away from the comparable position of the neighboring subunit. Given the 

hexameric nature of ClpX, our 12-residue average spacing between cleavage sites is 

consistent with a pause that occurs after all subunits in the ring has hydrolyzed ATP (6 

ATP x 2 residues). During this pause, the unfolded polypeptide dangles into the ClpP 

chamber for a sufficient time to rapidly degrade at cleavage sites most favored by the 

intrinsic specificity of ClpP but is constrained by the hold of ClpX on the upstream 

sequence. After the ring is reset, hydrolysis begins again to start another cycle. This 
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model is also consistent with several recent optical trapping based single molecule 

experiments that demonstrate bursts of translocation that generally report 1-2 nm (or 6-12 

aa) runs of translocation, followed by a brief pause.13-15 Therefore, both static structural 

and dynamic solution experiments are consistent with our proposal that cycling of 

translocation and pausing results in dangling of substrates to yield defined substrate 

cleavage positions and spacing.  

Interestingly, structures of ClpA, another hexameric unfoldase, have revealed similar 

processive translocation steps16 and we observe similar peptide distributions with that 

enzyme (Figure A.8 and Figure A.9). Indeed, prior biochemical studies with ClpAP 

using low resolution HPLC data forecasted a translocation/proteolysis pausing 

mechanism90 similar to what we describe here with ClpXP.  This is also in line with 

ClpAP ‘step sizes’ of 1-2 nm seen with single molecule studies using optical traps17 or 5-

14 residues seen with single-turnover population measurements.18,19 Collectively, our 

data suggest that AAA+ proteases capture a series of ATP hydrolysis events collectively 

across all subunits to facilitate a run of translocation, followed by a pause for 

degradation. This pause would allow for more complete degradation of substrates to 

prevent the release of improperly sized products.  

Regardless of the specific source of the pausing, our primary result is that we observe 

enrichment of specific periodically spaced peptides, which supports our hypothesis that 

ClpXP degradation has a defined start and fixed spacing in cleavage afterwards. Our 

main point (as illustrated in Figure A.6) is that not all highly preferred cleavage sites are 

used (e.g., region 60-80 in RcdA), but rather there is a defined spacing consistent with 

processive translocation of substrates into the cleavage chamber. Moreover, residues that 
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are not the most preferred seem to still result in cleavage (e.g., region 90-110 in GFP). 

The specific pattern of peptides therefore seems to be a combination of inherent primary 

chemical preference and a restriction on spacing that we propose is driven by 

translocation. This observation implies that peptides arising from ClpXP processing are 

not randomly distributed across a given protein and reasons that that specific peptides can 

be deliberately generated. This leads to a tempting hypothesis that peptides generated 

during a particular response, such as toxic stress, could be used as signaling molecules for 

the cell to respond to this damage. 
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Figure A.11: Depiction of ClpXP degradation mechanism. Upper: the ClpXP 

structure (PDB 6PO1) can accommodate a 12-residue span of peptide in its grip. Lower: 

After initial engagement of the substrate, ClpX enters the processive state of degradation 

where two residues are translocated for every ATP hydrolyzed. After a complete cycle, 

ClpX pauses to reset. During this time, the dangled substrate is cleaved by the ClpP 

peptidase, at the sites most accessible to the catalytic active sites. 

  

A.4. Materials and Methods: 

A.4.1. Protein expression/purification 

ClpX, ClpP-his, eGFPSsrA, and SspB were purified as before.20,21 ClpX and ClpP are 

from the C. Crescentus species. HisSUMO tagged RcdA and β2m were appended with a 
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C-terminal ssrA tag (AANDNFAEEFAVAA) using appropriate oligonucleotides, 

expressed and purified as other similar constructs.20 For β2mssrA, purified protein was 

also reduced with 2 mM tris(2-carboxyethyl)phosphine (TCEP) and the free cystines 

were then alkylated with 4 mM iodoacetamide (IAM) unless otherwise specified.  

   A.4.2.  Fluorescence eGFPSsrA experiments  

Adaptor, ATP and DFP (di-isopropyl fluorophosphate) concentration-based changes 

in ClpXP activity were experimentally determined by monitoring the fluorescence loss of 

model substrate eGFPSsrA over time in 20 µL reactions using a Spectramax fluorescence 

plate reader. All reactions used 1 µM ClpX6, 2 µM ClpP14 and 10 µM of substrate in 20 

mM MOPS pH 7.5, 100 mM KCl, 10 mM MgCl2, 10 % glycerol and an ATP 

regeneration mixture (4 mM ATP, 16 mM creatine phosphate, 0.75 µg/ml creatine 

kinase) unless otherwise described. ATP limiting conditions: ATP provided in the 

regeneration mixture was titrated as shown in Figure 2A. Adaptor based reactions: 

Initially a titration of adaptor SspB was performed to determine maximal adaptor activity, 

adaptor:unfoldase molar ratio. No significant inhibition was observed at the highest 

concentrations used here. This molar ratio was preserved for all other adaptor-substrate 

experiments. DFP analysis: 0-100 fold molar excess of DFP was preincubated with ClpP 

alone in H-buffer for 1 h at 30 °C prior to substrate digestion.  

A.4.3. Degradation Preparation and Peptide Recovery  

Degradation of substrates for peptide recovery took place in a 50 µL reaction volume 

with 20 mM MOPS buffer, 100 mM KCl, 10 mM MgCl2, and 5 mM ATP. Concentrations 

of substrate, ClpX, and ClpP were 10 µM, 1 µM, and 2 µM, respectively. These ratios were 

used to guarantee a proper ClpX to ClpP ratio, as well as to ensure an excess of substrate 
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to facilitate degradation and thus peptide production. ATP was the last constituent added, 

and once added, the reaction was incubated at 30 °C for 1 h. SDS-PAGE separation and 

Coomassie staining was used to validate substrate depletion. After 1 h, the remaining 

proteins were separated from peptides by a Centri-Spin-10 size exclusion column. Columns 

were preequilibrated in water. Two spin downs were performed, the first to remove 

substances over 5 kDa, such as intact substrate or ClpXP, while retaining peptide 

fragments. The remaining peptides were eluted from the spin column with 50 µL of 50/50 

ACN/H2O. The 5 kDa cut off mass was determined to be acceptable as peptides above 30 

mers were rarely detected. The peptide mixture was dried down with a speedVac for 1 h at 

45 °C to remove the organic solvent and subsequently resuspend in HPLC grade H2O. 

Peptides produced from di-sulfide intact β2m were reduced with 2 mM TCEP and the free 

cystines were then alkylated with 4 mM IAM. 

A.4.4. Liquid Chromatography and Mass Spectrometry  

LC/MS/MS analyses were carried out with a Thermo Scientific EASY-nLC 1200 

System (Thermo Fisher Scientific) coupled to a Thermo Fisher Orbitrap Fusion mass 

spectrometer. A 20 mm by 75 µm Thermo Acclaim Pepmap trap column was used 

preceding a 150 mm by 75 µm Thermo Acclaim Pepmap RSCL analytical column packed 

with 2 µm particles. Solvent A and B were HPLC grade water with 0.1% formic acid and 

HPLC grade ACN with 0.1% formic acid, respectively. Separation was achieved with 

gradients 0 to 60% B in 60 minutes at 300 nL/min, with a 30-minute hold at 95% B as a 

post separation wash. A 30-minute blank was run between each injection to ensure no 

peptide carry over. 2 µL of sample were injected for all methods. The electrospray voltage 

was set to 1900-2100 V with the ion transfer tube temperature at 300 °C. Full mass range 
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scans were performed with a m/z range of 200 to 5000 with a resolution of 60,000. 

Collision-induced dissociation was performed on ions with an intensity of 5000 counts or 

higher with a collision energy of 35 eV and a 10 ms activation time.  

A.4.5. Data Analysis 

Peptide detection data processing was performed with Proteome Discoverer. Because 

nonspecific cleavage events were included in the search, a larger false positive discovery 

rate is expected. Consequently, only peptides detected with high confidence under strict 

validation criteria were considered for subsequent analysis. Peptides were analyzed for 

cleavage location, structural cleavage preference, and length. All structural results are 

normalized to the occurrence of that structure in the protein.  

 

A.5.  References  

(1)  Mahmoud, S. A.; Chien, P. Regulated Proteolysis in Bacteria. Annu. Rev. 

Biochem. 2018, 87, 677–696. https://doi.org/https://doi.org/10.1146/annurev-biochem- 

062917-012848. 

(2)  Sauer, R. T.; Baker, T. A. AAA + Proteases : ATP-Fueled Machines of Protein 

Destruction. Annu. Rev. Biochem. 2011, 80, 587–612. https://doi.org/10.1146/annurev-

biochem-060408-172623. 

(3)  Lee, C.; Schwartz, M. P.; Prakash, S.; Iwakura, M.; Matouschek, A. ATP-

Dependent Proteases Degrade Their Substrates by Processively Unraveling Them from 

the Degradation Signal. Mol. Cell 2001, 7 (3), 627–637. https://doi.org/10.1016/S1097-

2765(01)00209-X. 

(4)  Choi, K.; Licht, S. Control of Peptide Product Sizes by the Energy-Dependent 

Protease ClpAP †. Biochemistry 2005, 44 (42), 13921–13931. 

https://doi.org/10.1021/bi0505060. 

(5)  Gersch, M.; Stahl, M.; Poreba, M.; Dahmen, M.; Dziedzic, A.; Drag, M.; Sieber, 

S. A. Barrel-Shaped ClpP Proteases Display Attenuated Cleavage Specificities. ACS 

Chem. Biol. 2016, 11 (2), 389–399. https://doi.org/10.1021/acschembio.5b00757. 

(6)  Sprangers, R.; Gribun, A.; Hwang, P. M.; Houry, W. A.; Kay, L. E. Quantitative 

NMR Spectroscopy of Supramolecular Complexes: Dynamic Side Pores in ClpP Are 



184 
 

Important for Product Release. Proc. Natl. Acad. Sci. U. S. A. 2005, 102 (46), 16678–

16683. https://doi.org/10.1073/pnas.0507370102. 

(7)  Ripstein, Z. A.; Vahidi, S.; Houry, W. A.; Rubinstein, J. L.; Kay, L. E. A 

Processive Rotary Mechanism Couples Substrate Unfolding and Proteolysis in the ClpXP 

Degradation Machinery. Elife 2020, 9, 1–25. https://doi.org/10.7554/eLife.52158. 

(8)  Haynes, C. M.; Yang, Y.; Blais, S. P.; Neubert, T. A.; Ron, D. The Matrix Peptide 

Exporter HAF-1 Signals a Mitochondrial Unfolded Protein Response by Activating the 

Transcription Factor ZC376.7 in C. Elegans. Mol. Cell 2011, 37 (4), 529–540. 

https://doi.org/10.1016/j.molcel.2010.01.015. 

(9)  Jennings, L. D.; Lun, D. S.; Médard, M.; Licht, S. ClpP Hydrolyzes a Protein 

Substrate Processively in the Absence of the ClpA ATPase: Mechanistic Studies of ATP-

Independent Proteolysis. Biochemistry 2008, 47 (44), 11536–11546. 

https://doi.org/10.1021/bi801101p. 

(10)  Thompson, M. W.; Singh, S. K.; Maurizi, M. R. Processive Degradation of 

Proteins by the ATP-Dependent Clp Protease from Escherichia Coli. Requirement for the 

Multiple Array of Active Sites in ClpP but Not ATP Hydrolysis. J. Biol. Chem. 1994, 

269 (27), 18209–18215. 

(11)  Bolon, D. N.; Grant, R. A.; Baker, T. A.; Sauer, R. T. Nucleotide-Dependent 

Substrate Handoff from the SspB Adaptor to the AAA ClpXP Protease. Mol. Cell 2004, 

16, 343–350. 

(12)  Fei, X.; Bell, T. A.; Jenni, S.; Stinson, B. M.; Baker, T. A.; Harrison, S. C.; Sauer, 

R. T. Structures of the ATP-Fueled ClpXP Proteolytic Machine Bound to Protein 

Substrate. Elife 2020, 9, 1–22. https://doi.org/10.7554/eLife.52774. 

(13)  Maillard, R. A.; Chistol, G.; Sen, M.; Righini, M.; Tan, J.; Kaiser, C. M.; Hodges, 

C.; Martin, A.; Bustamante, C. ClpX(P) Generates Mechanical Force to Unfold and 

Translocate Its Protein Substrates. Cell 2011, 145 (3), 459–469. 

https://doi.org/10.1016/j.cell.2011.04.010. 

(14)  Aubin-Tam, M.-E.; Olivares, A. O.; Sauer, R. T.; Baker, T. A.; Lang, M. J. 

Single-Molecule Protein Unfolding and Translocation by an ATP- Fueled Proteolytic 

Machine. Cell 2011, 145 (2), 257–267. https://doi.org/10.1038/jid.2014.371. 

(15)  Rodriguez-Aliaga, P.; Ramirez, L.; Kim, F.; Bustamante, C.; Martin, A. 

Substrate-Translocating Loops Regulate the Mechanochemical Coupling and Power 

Production in a AAA+ Protease. Nat Struct Mol Biol 2016, 23 (11), 974–981. 

https://doi.org/10.1038/nsmb.3298. 

(16)  Lopez, K. E.; Rizo, A. N.; Tse, E.; Lin, J. B.; Scull, N. W.; Thwin, A. C.; Lucius, 

A. L.; Shorter, J.; Southworth, D. R. Conformational Plasticity of the ClpAP AAA+ 

Protease Couples Protein Unfolding and Proteolysis. Nat. Struct. Mol. Biol. 2020, 27 (5), 

406–416. https://doi.org/10.1038/s41594-020-0409-5. 



185 
 

(17)  Olivares, A. O.; Nager, A. R.; Iosefson, O.; Sauer, R. T.; Baker, T. A. 

Mechanochemical Basis of Protein Degradation by a Double-Ring AAA+ Machine 

Adrian. Nat Struct Mol Biol 2014, 21 (10), 871–875. https://doi.org/10.1038/nsmb.2885. 

(18)  Miller, J. M.; Lin, J.; Li, T.; Lucius, A. L. E. Coli ClpA Catalyzed Polypeptide 

Translocation Is Allosterically Controlled by the Protease ClpP Justin. J. Mol. Biol. 2013, 

425 (15), 2795–2812. https://doi.org/10.1038/jid.2014.371. 

(19)  Rajendar, B.; Lucius, A. L. Molecular Mechanism of Polypeptide Translocation 

Catalyzed by the Escherichia Coli ClpA Protein Translocase. J. Mol. Biol. 2010, 399 (5), 

665–679. https://doi.org/10.1016/j.jmb.2010.03.061. 

(20)  Bhat, N. H.; Vass, R. H.; Stoddard, P. R.; Shin, D. K.; Chien, P. Identification of 

ClpP Substrates in Caulobacter Crescentus Reveals a Role for Regulated Proteolysis in 

Bacterial Development. Mol. Microbiol. 2013, 88 (6), 1083–1092. 

https://doi.org/10.1111/mmi.12241. 

(21)  Chien, P.; Perchuk, B. S.; Laub, M. T.; Sauer, R. T.; Baker, T. A. Direct and 

Adaptor-Mediated Substrate Recognition by an Essential AAA+ Protease. Proc. Natl. 

Acad. Sci. U. S. A. 2007, 104 (16), 6590–6595. 

https://doi.org/10.1073/pnas.0701776104. 

 

  



186 
 

APPENDIX B 

B.  DEPC MODIFICATION PERCENTAGES FOR INDIVIDUAL RESIDUES 

Table B.1: DEPC-CL modification percentages for each labelable residue of 

rituximab under native conditions and under heat stress conditions (45 °C for 4 

h). A difference was considered significant if the p-value, calculated by performing 

an unpaired T‐test, was less than 0.05 (corresponding to a 95% confidence level, n = 

4). Errors shown in the table are standard deviations. 

Residue Native 

Stressed  

45 °C 4 h Significant? 

Light Chain 

S 5 0.03% ± 0.02% 0.03% ± 0.01% No 

S 7       

S 12 0.07% ± 0.02% 0.05% ± 0.03% No 

S 14 1.5% ± 0.7% 0.6% ± 0.3% No 

K 18 0.2% ± 0.1% 0.09% ± 0.09% No 

T 20       

T 22       

S 26       

S 27 0.2% ± 0.1% 0.2% ± 0.3% No 

S 28 0.04% ± 0.04% 0.1% ± 0.1% No 

S 30       

Y 31 0.2% ± 0.1% 0.3% ± 0.3% No 

H 33 0.5% ± 0.4% 0.1% ± 0.1% No 

K 38 0.10% ± 0.06% 0.15% ± 0.08% No 

S 41 0.01% ± 0.02% 0.01% ± 0.01% No 

S 42 0.03% ± 0.02% 0.01% ± 0.01% No 

K 44 0.13% ± 0.06% 0.13% ± 0.05% No 

Y 48 0.05% ± 0.03% 0.07% ± 0.04% No 

T 50 0.11% ± 0.05% 0.09% ± 0.07% No 

S 51 0.05% ± 0.03% 0.03% ± 0.02% No 

S 55 0.02% ± 0.02% 0.01% ± 0% No 

S 62 3% ± 3% 2% ± 1% No 

S 64 2 % ± 2% 1.2% ± 1% No 

S 66 1% ± 1% 0.8% ± 0.3% No 

T 68 1% ± 1% 0.8% ± 0.3% No 

S 69 0.02% ± 0.02% 0.02% ± 0.01% No 

Y 70 0.02% ± 0.02% 0.02% ± 0.01% No 

S 71 50% ± 7% 30% ± 20% No 

T 73 8% ± 5% 5% ± 4% No 

S 75 8% ± 5% 6% ± 5% No 

T 84 0.08% ± 0.04% 0.07% ± 0.04% No 

Y 85       
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Y 86       

T 91       

S 92 1.7% ± 0.8% 4% ± 4% No 

T 96 1.9% ± 0.8% 4% ± 4% No 

T 101       

K 102 0% ± 0% 0% ± 0% No 

K 106       

T 108       

S 113 0.02% ± 0.01% 0.1% ± 0.1% No 

S 120       

K 125       

S 126 0.1% ± 0.1% 0.02% ± 0.01% No 

T 128       

S 130       

Y 139       

K 144       

K 148 1% ± 2% 1.3% ± 0.8% No 

S 155 5% ± 2% 9% ± 4% Yes 

S 158 4% ± 2% 9% ± 4% Yes 

S 161 4% ± 2% 9% ± 4% Yes 

T 163 0.6% ± 0.6% 0.9% ± 0.5% No 

S 167 0.6% ± 0.6% 1.0% ± 0.6% No 

K 168       

S 170       

T 171       

Y 172       

S 173       

S 175       

S 176       

T 177       

T 179 0.5% ± 1% 0.06% ± 0.06% No 

S 181 1.0% ± 0.5% 0.31% ± 0.06% Yes 

K 182 16% ± 3% 8% ± 5% No 

Y 185       

K 187 90% ± 4% 92% ± 4% No 

H 188 78% ± 9% 90% ± 10% No 

K 189 77% ± 9% 86% ± 9% No 

Y 191 3% ± 1% 6% ± 5% No 

T 196 3% ± 2% 5% ± 1% No 

H 197 4% ± 2% 5% ± 0.9% No 

S 201       

S 202       

T 205       

K 206 0.9% ± 0.4% 1.3% ± 0.6% No 

S 207       
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Heavy Chain 

K 13 3% ± 2% 3% ± 1% No 

S 17 2% ± 2% 3% ± 1% No 

K 19 0.20% ± 0.06% 0.22% ± 0.07% No 

S 21       

K 23 0.8% ± 0.7% 3% ± 3% No 

S 25       

Y 27 43% ± 1% 44% ± 4% No 

T 28 41% ± 2% 44% ± 3% No 

T 30 21% ± 8% 17% ± 8% No 

S 31 0.3% ± 0.4% 0.5% ± 0.3% No 

Y 32 0.3% ± 0.4% 0.5% ± 0.3% No 

H 35 90% ± 5% 84% ± 7% No 

K 38 56% ± 20% 57% ± 10% No 

T 40       

Y 52 0.3% ± 0.1% 0.3% ± 0.2% No 

T 58       

S 59       

Y 60       

K 63 1.6% ± 0.6% 1.1% ± 0.6% No 

K 65       

K 67 80% ± 10% 82% ± 20% No 

T 69 4% ± 2% 25% ± 20% No 

T 71 26% ± 5% 39% ± 20% No 

K 74 32% ± 5% 36% ± 20% No 

S 75       

S 76 26% ± 7% 7% ± 4% Yes 

S 77 14% ± 4% 2% ± 2% Yes 

T 78 0.5% ± 0.5% 0.5% ± 0.4% No 

Y 80 1.1% ± 1% 1.4% ± 0.6% No 

S 84 2.5% ± 0.4% 3% ± 6% No 

S 85       

T 87       

S 88 3.6% ± 0.8% 4% ± 2% No 

S 91       

Y 94 0.13% ± 0.08% 0.2% ± 0.1% No 

Y 95 3% ± 2% 3% ± 2% No 

S 99       

T 100       

Y 101       

Y 102       

Y 107       

T 115 0.1% ± 0.2% 0.6% ± 0.9% No 

T 116 0.1% ± 0.2% 0.6% ± 0.9% No 

T 118       
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S 120 8% ± 4% 2.7% ± 0.9% N 

S 123 10% ± 2% 6% ± 5% No 

T 124 14% ± 4% 8% ± 6% No 

K 125 42% ± 10% 25% ± 20% No 

S 128 0.01% ± 0.01% 0.05% ± 0.03% No 

S 135 0.05% ± 0.02% 0.3% ± 0.2% No 

S 136 0.04% ± 0.02% 0.03% ± 0.02% No 

K 137 0.05% ± 0.02% 0.2% ± 0.1% Yes 

S 138 1.4% ± 0.9% 1.3% ± 0.7% No 

T 139 0.03% ± 0.02% 0.02% ± 0.02% No 

S 140 0.3% ± 0.2% 0.06% ± 0.03% Yes 

T 143 0.3% ± 0.2% 0.07% ± 0.04% Yes 

K 151       

Y 153 0.01% ± 0% 0.01% ± 0.01% No 

T 159 5% ± 3% 3% ± 1% No 

S 161 1.8% ± 0.5% 0.7% ± 0.8% No 

S 164 14% ± 4% 8% ± 5% No 

T 168 8% ± 4% 5% ± 3% No 

S 169 0.4% ± 0.6% 0.5% ± 0.3% No 

H 172 35% ± 4% 35% ± 8% No 

T 173       

S 180 8% ± 2% 10% ± 10% No 

S 181 7% ± 2% 9% ± 10% No 

Y 184       

S 185       

S 187 0.9% ± 0.9% 1% ± 1% No 

S 188 1% ± 1% 1% ± 1% No 

T 191 1.5% ± 0.8% 0.4% ± 0.5% No 

S 194 0.04% ± 0.02% 0.2% ± 0.1% Yes 

S 195 1.4% ± 0.7% 0.8% ± 0.5% No 

S 196 2% ± 1% 0.9% ± 0.5% No 

T 199       

T 201 0.6% ± 0.4% 2% ± 4% No 

Y 202 0.6% ± 0.4% 2% ± 4% No 

H 208 1.5% ± 0.2% 1.0% ± 0.7% No 

K 209 8% ± 3% 6% ± 3% No 

S 211 0% ± 0% 0% ± 0% No 

T 213       

K 214 0.3% ± 0.3% 0.2% ± 0.2% No 

K 217       

K 218       

K 222 100% ± 0% 100% ± 0% No 

S 223 0.8% ± 0.6% 1.3% ± 0.8% No 

K 226 39% ± 10% 73% ± 20% Yes 

T 227 0.07% ± 0.07% 0.1% ± 0.1% No 
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H 228 16% ± 8% 14% ± 3% No 

T 229 16% ± 8% 14% ± 3% No 

S 243 0.06% ± 0.05% 0.04% ± 0.03% No 

K 250       

K 252 100% ± 0% 100% ± 0% No 

T 254       

S 258       

T 260       

T 264 0.04% ± 0.03% 0.03% ± 0.02% No 

S 271 5% ± 3% 4% ± 2% No 

H 272 5% ± 2% 4% ± 2% No 

K 278 0.13% ± 0.07% 0.16% ± 0.07% No 

Y 282 0.08% ± 0.07% 0.06% ± 0.02% No 

H 289 0.06% ± 0.05% 0.04% ± 0.01% No 

K 292 0.01% ± 0.01% 0.01% ± 0.01% No 

T 293 7% ± 3% 23% ± 10% Yes 

K 294 7% ± 3% 23% ± 10% Yes 

Y 300       

S 302 83% ± 4% 75% ± 20% No 

T 303 83% ± 4% 75% ± 20% No 

Y 304       

S 308       

T 311 1.6% ± 0.5% 1.2% ± 0.7% No 

H 314 0.3% ± 0.1% 0.3% ± 0.2% No 

K 321 5% ± 2% 3% ± 2% No 

Y 323       

K 324 94% ± 5% 92% ± 3% No 

K 326       

S 328       

K 330 100% ± 0% 100% ± 0% No 

K 338 0.5% ± 0.1% 0.5% ± 0.3% No 

T 339       

S 341 27% ± 3% 22% ± 8% No 

K 342       

K 344       

Y 353 27% ± 20% 39% ± 20% No 

T 354 0.01% ± 0% 0.01% ± 0.01% No 

S 358 0.11% ± 0.05% 0.17% ± 0.08% No 

T 363 0.12% ± 0.06% 0.19% ± 0.08% No 

K 364 0.11% ± 0.05% 0.17% ± 0.09% No 

S 368 0.03% ± 0.03% 0.04% ± 0.03% No 

T 370 8% ± 1% 14% ± 4% Yes 

K 374 8% ± 1% 14% ± 4% Yes 

Y 377 0.6% ± 0.3% 0.7% ± 0.2% No 

S 379       
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S 387       

Y 395       

K 396 0.2% ± 0.1% 0.05% ± 0.02% Yes 

T 397       

T 398 10% ± 4% 6% ± 3% No 

S 404 9% ± 4% 6% ± 3% No 

S 407 1.6% ± 0.4% 1% ± 1% No 

Y 411       

S 412       

K 413       

T 415       

K 418       

S 419       

S 428 0.13% ± 0.06% 0.14% ± 0.1%   

S 430 6% ± 0.8% 5.2% ± 1%   

H 433 13% ± 3% 15% ± 2%   

H 437 14% ± 2% 11% ± 2%   

H 439 1.4% ± 0.6% 1.4% ± 0.3%   

Y 440 0% ± 0% 0.05% ± 0.04%   

T 441       

K 443 1.1% ± 0.6% 1.3% ± 0.7%   

S 444       

S 446       

S 448 17% ± 2% 26% ± 4%   

K 451    

 

 

 

Table B.2: DEPC-CL modification percentages for each labelable residue of 

rituximab under native conditions and under heat stress conditions (55 °C for 4 h). 

A difference was considered significant if the p-value, calculated by performing an 

unpaired T‐test, was less than 0.05 (corresponding to a 95% confidence level, n = 3). 

Errors shown in the table are standard deviations. 

Residue Native 

Stressed  

55 °C 4 h Significant? 

Light Chain 

S 5 0.03% ± 0.01% 0.04% ± 0.00% No 

S 7       

S 12 0.03% ± 0.01% 0.02% ± 0.01% No 

S 14       

K 18 0.56% ± 0.06% 0.7% ± 0.2% No 

T 20 17% ± 4% 8% ± 2% Yes 
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T 22       

S 26       

S 27       

S 28       

S 30       

Y 31       

H 33 0.08% ± 0.02% 0.21% ± 0.02% Yes 

K 38 0.15% ± 0.05% 0.24% ± 0.02% No 

S 41 0.04% ± 0.01% 0.02% ± 0.02% No 

S 42       

K 44 0.06% ± 0.02% 0.15% ± 0.01% Yes 

Y 48 0.09% ± 0.04% 0.13% ± 0.01% No 

T 50 0.03% ± 0.03% 0.05% ± 0.01% No 

S 51       

S 55       

S 62       

S 64       

S 66 18% ± 4% 15% ± 2% No 

T 68 18% ± 4% 15% ± 2% No 

S 69       

Y 70 14% ± 5% 11% ± 4% No 

S 71       

T 73 53% ± 10% 86% ± 3% Yes 

S 75 53% ± 10% 86% ± 3% Yes 

T 84 1.3% ± 0.2% 2.6% ± 0.5% Yes 

Y 85 1.3% ± 0.2% 2.6% ± 0.5% Yes 

Y 86       

T 91 0.03% ± 0.02% 0.10% ± 0.01% Yes 

S 92 1.8% ± 0.6% 2.1% ± 0.6% No 

T 96 2% ± 0.6% 2.2% ± 0.6% No 

T 101 0.18% ± 0.01% 0.14% ± 0.02% No 

K 102 0.08% ± 0.02% 0.10% ± 0.01% No 

K 106       

T 108 1.3% ± 0.4% 1.1% ± 0.3% No 

S 113 1% ± 0.3% 0.8% ± 0.1% No 

S 120       

K 125       

S 126       

T 128 5.4% ± 1% 3.1% ± 0.3% Yes 

S 130 5.4% ± 1% 3.1% ± 0.3% Yes 

Y 139       

K 144       

K 148 7.2% ± 1.7% 9.7% ± 0.8% No 

S 155       

S 158       
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S 161       

T 163 0% ± 0% 0.01% ± 0.01% No 

S 167       

K 168 0.5% ± 0.2% 0.5% ± 0.2% No 

S 170       

T 171       

Y 172       

S 173       

S 175       

S 176       

T 177       

T 179       

S 181       

K 182 5% ± 2% 19% ± 10% No 

Y 185 23.5% ± 0.3% 27% ± 2% Yes 

K 187 85% ± 3% 86% ± 4% No 

H 188 55% ± 2% 64% ± 3% Yes 

K 189 60% ± 3% 66% ± 3% No 

Y 191 0.74% ± 0.09% 1.0% ± 0.3% No 

T 196       

H 197 0.11% ± 0.03% 0.16% ± 0.03% No 

S 201       

S 202       

T 205       

K 206 0.4% ± 0.1% 0.4% ± 0.1% No 

S 207 4% ± 2% 3% ± 2% No 

Heavy Chain 

K 13 2.7% ± 0.5% 3.7% ± 0.3% Yes 

S 17       

K 19 3.5% ± 0.7% 4.5% ± 0.4% No 

S 21 24% ± 4% 11% ± 4% Yes 

K 23 86% ± 5% 92% ± 4% No 

S 25       

Y 27       

T 28       

T 30       

S 31       

Y 32 0.05% ± 0.03% 0.4% ± 0.3% No 

H 35 23% ± 3% 4% ± 1% Yes 

K 38 30% ± 2% 22% ± 3% Yes 

T 40       

Y 52 1.1% ± 0.2% 1.3% ± 0.2% No 

T 58 0.12% ± 0.01% 0.15% ± 0.02% No 

S 59 0.09% ± 0.01% 0.09% ± 0.03% No 

Y 60 0.09% ± 0.01% 0.09% ± 0.03% No 
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K 63       

K 65       

K 67 23% ± 7% 33% ± 2% No 

T 69       

T 71       

K 74 79% ± 4% 87% ± 1% Yes 

S 75       

S 76 2.4% ± 0.2% 1.5% ± 0.2% Yes 

S 77 0.01% ± 0.01% 0.01% ± 0.01% No 

T 78 0.3% ± 0.1% 0.3% ± 0.2% No 

Y 80       

S 84 1.8% ± 0.7% 1.4% ± 0.6% No 

S 85 0.32% ± 0.06% 0.3% ± 0.1% No 

T 87       

S 88 0.02% ± 0.01% 0.01% ± 0.01% No 

S 91 0.25% ± 0.04% 0.23% ± 0.09% No 

Y 94 0.25% ± 0.04% 0.23% ± 0.09% No 

Y 95       

S 99       

T 100       

Y 101       

Y 102       

Y 107       

T 115 14% ± 4% 12% ± 1% No 

T 116       

T 118 71% ± 3% 59% ± 7% Yes 

S 120 84% ± 2% 70% ± 7% Yes 

S 123 1.2% ± 0.3% 1.6% ± 0.2% No 

T 124       

K 125       

S 128 0.9% ± 0.4% 1% ± 1% No 

S 135 1.1% ± 0.5% 1% ± 1% No 

S 136       

K 137       

S 138       

T 139 0.13% ± 0.07% 0.12% ± 0.04% No 

S 140 0.03% ± 0.02% 0.02% ± 0.01% No 

T 143 0.01% ± 0.01% 0.01% ± 0.01% No 

K 151       

Y 153 0.02% ± 0.02% 0.07% ± 0.05% No 

T 159       

S 161 1.8% ± 0.2% 2.2% ± 0.4% No 

S 164 0.002% ± 0.001% 0.016% ± 0.005% Yes 

T 168 1.3% ± 0.4% 2% ± 1% No 

S 169 0.2% ± 0.1% 0.35% ± 0.1% No 
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H 172 0.2% ± 0.1% 0.35% ± 0.1% No 

T 173 1.1% ± 0.2% 2.2% ± 0.7% No  

S 180       

S 181       

Y 184       

S 185       

S 187 10% ± 3% 11% ± 2% No 

S 188 10% ± 3% 10% ± 2% No 

T 191 5% ± 1% 4.3% ± 0.7% No 

S 194       

S 195       

S 196 0.01% ± 0% 0.05% ± 0.03% No 

T 199 0.01% ± 0% 0.05% ± 0.03% No 

T 201       

Y 202       

H 208  0.00% ± 0.00% 0.00% ± 0.00% No 

K 209 6% ± 2% 8.0% ± 0.9% No 

S 211  0.00% ± 0.00% 0.00% ± 0.00% No 

T 213       

K 214 0.5% ± 0.38% 0.4% ± 0.1% No 

K 217       

K 218       

K 222 99% ± 1% 100% ± 0% No 

S 223 0.06% ± 0.04% 0.04% ± 0% No 

K 226 33% ± 7% 72% ± 5% Yes 

T 227 1.4% ± 0.8% 2% ± 1% No 

H 228 36% ± 7% 40% ± 20% No 

T 229 36% ± 7% 40% ± 10% No 

S 243       

K 250       

K 252 100% ± 0 100% ± 0 No 

T 254       

S 258 5% ± 2% 3.1% ± 0.8% No 

T 260 0.7% ± 0.6% 0.8% ± 0.3% No 

T 264 11% ± 2% 16% ± 10% No 

S 271 10% ± 1% 15% ± 10% No 

H 272 0.26% ± 0.08% 0.24% ± 0.06% No 

K 278 0.16% ± 0.1% 0.28% ± 0.07% No 

Y 282 0.39% ± 0.02% 0.33% ± 0.04% No 

H 289 0.5% ± 0.1% 0.41% ± 0.03% No 

K 292       

T 293 38% ± 6% 85% ± 8% Yes 

K 294       

Y 300 50% ± 1% 56% ± 7% No 

S 302 38% ± 3% 16% ± 6% Yes 
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T 303       

Y 304       

S 308       

T 311       

H 314 0.24% ± 0.08% 0.23% ± 0.06% No 

K 321 0.29% ± 0.04% 0.28% ± 0.01% No 

Y 323       

K 324       

K 326       

S 328       

K 330 100% ± 0% 100% ± 0% No 

K 338 2% ± 2% 4.4% ± 0.5% No 

T 339       

S 341       

K 342       

K 344       

Y 353 0.4% ± 0.6% 14% ± 2% Yes 

T 354       

S 358       

T 363 0.006% ± 0.002% 0.012% ± 0.003% Yes 

K 364 0.15% ± 0.07% 0.3% ± 0.2% No 

S 368 0.02% ± 0.02% 0.18% ± 0.01% Yes 

T 370       

K 374 4% ± 2% 8% ± 2% No 

Y 377 11% ± 2% 12% ± 7% No 

S 379 13% ± 2% 13% ± 7% No 

S 387 11% ± 2% 12% ± 7% No 

Y 395 2.2% ± 0.8% 2% ± 1% No 

K 396 0.82% ± 0.2% 0.6% ± 0.3% No 

T 397 0.87% ± 0.3% 1.0% ± 0.2% No 

T 398 12% ± 1% 17% ± 3% No 

S 404 5% ± 1% 5% ± 2% No 

S 407 15% ± 4% 30% ± 6% Yes 

Y 411 8% ± 5% 20% ± 4% Yes 

S 412       

K 413       

T 415       

K 418 29% ± 20% 46% ± 4% No 

S 419 19% ± 20% 33% ± 2% No 

S 428 0.86% ± 0.08% 1.2% ± 0.4% No 

S 430 7% ± 2% 12% ± 2% No 

H 433 15% ± 2% 13% ± 4% No 

H 437 6% ± 3% 7.4% ± 0.9% No 

H 439 5.4% ± 0.9% 4% ± 3% No 

Y 440 0.02% ± 0.01% 0.02% ± 0.01% No 
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T 441       

K 443 05% ± 0.2% 0.35% ± 0.07% No 

S 444       

S 446       

S 448 71% ± 10% 92% ± 4% Yes 

K 451 41% ± 20% 79% ± 7% Yes 
 

 

Table B.3: DEPC-CL modification percentages for each labelable residue of 

rituximab under native conditions and under heat stress conditions (65 °C for 4 h). 

A difference was considered significant if the p-value, calculated by performing an 

unpaired T‐test, was less than 0.05 (corresponding to a 95% confidence level, n = 3). 

Errors shown in the table are standard deviations. 

Residue Native 

Stressed  

65 °C 4 h Significant? 

Light Chain 

S 5 0.03% ± 0.01% 0.01% ± 0.01% Yes 

S 7    

S 12 0.03% ± 0.01% 0.01% ± 0.01% No 

S 14    

K 18 0.56% ± 0.06% 0.3% ± 0.3% No 

T 20 17% ± 4% 13% ± 8% No 

T 22    

S 26    

S 27    

S 28    

S 30    

Y 31    

H 33 0.08% ± 0.02% 0.6% ± 0.5% No 

K 38 0.15% ± 0.05% 0.22% ± 0.06% No 

S 41 0.04% ± 0.01% 0.12% ± 0.04% No 

S 42    

K 44 0.06% ± 0.02% 0.09% ± 0.04% No 

Y 48 0.09% ± 0.04% 0.06% ± 0.01% No 

T 50 0.03% ± 0.03% 0.00% ± 0.00% No 

S 51    

S 55    

S 62    

S 64    

S 66 18% ± 4% 12% ± 4% No 

T 68 18% ± 4% 12% ± 4% No 

S 69    

Y 70 14% ± 5% 2% ± 2% Yes 
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S 71    

T 73 50% ± 10% 70% ± 10% No 

S 75 50% ± 10% 70% ± 10% No 

T 84 1.3% ± 0.2% 3% ± 1% No 

Y 85 1.3% ± 0.2% 3% ± 1% No 

Y 86    

T 91 0.03% ± 0.02% 0.01% ± 0.01% No 

S 92 1.8% ± 0.6% 4% ± 2% No 

T 96 2.0% ± 0.6% 4% ± 2% No 

T 101 0.18% ± 0.01% 0.07% ± 0.05% Yes 

K 102 0.08% ± 0.02% 0.04% ± 0.02% No 

K 106    

T 108 1.3% ± 0.4% 0.7% ± 0.3% No 

S 113 1.0% ± 0.3% 0.5% ± 0.3% No 

S 120    

K 125    

S 126    

T 128 5% ± 1% 3% ± 2% No 

S 130 5% ± 1% 3% ± 2% No 

Y 139    

K 144    

K 148 7% ± 2% 5% ± 1% No 

S 155    

S 158    

S 161    

T 163 0.00% ± 0.00% 0.00% ± 0.00% No 

S 167    

K 168 0.5% ± 0.2% 0.4% ± 0.2% No 

S 170    

T 171    

Y 172    

S 173    

S 175    

S 176    

T 177    

T 179    

S 181    

K 182 5% ± 2% 13% ± 8% No 

Y 185 23.5% ± 0.3% 25% ± 4% No 

K 187 85% ± 3% 78% ± 4% No 

H 188 55% ± 2% 62% ± 8% No 

K 189 60% ± 3% 65% ± 6% No 

Y 191 0.74% ± 0.09% 1% ± 0.2% No 

T 196    

H 197 0.11% ± 0.03% 0.6% ± 0.2% Yes 
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S 201    

S 202    

T 205    

K 206 0.4% ± 0.1% 0.6% ± 0.2% No 

S 207 4% ± 2% 2.7% ± 0.6% No 

Heavy Chain 

K 13 2.7% ± 0.5% 4% ± 1% No 

S 17    

K 19 3.5% ± 0.7% 3% ± 2% No 

S 21 24% ± 4% 12% ± 8% No 

K 23 86% ± 5% 96% ± 5% No 

S 25    

Y 27    

T 28    

T 30    

S 31    

Y 32 0.05% ± 0.03% 0.3% ± 0.2% No 

H 35 23% ± 3% 11% ± 3% Yes 

K 38 30% ± 2% 38% ± 10% No 

T 40    

Y 52 1.1% ± 0.2% 1.4% ± 0.2% No 

T 58 0.12% ± 0.01% 0.2% ± 0.2% No 

S 59 0.09% ± 0.01% 0.2% ± 0.2% No 

Y 60 0.09% ± 0.01% 0.2% ± 0.2% No 

K 63    

K 65    

K 67 23% ± 7% 70% ± 20% Yes 

T 69    

T 71    

K 74 79% ± 4% 52% ± 8% Yes 

S 75    

S 76 2.4% ± 0.2% 4% ± 1% No 

S 77 0.01% ± 0.01% 0.03% ± 0.01% Yes 

T 78 0.3% ± 0.1% 0.16% ± 0.09% No 

Y 80    

S 84 1.8% ± 0.7% 1.3% ± 0.5% No 

S 85 0.32% ± 0.06% 0.26% ± 0.09% No 

T 87    

S 88 0.02% ± 0.01% 0.03% ± 0.01% No 

S 91 0.25% ± 0.04% 0.21% ± 0.06% No 

Y 94 0.25% ± 0.04% 0.21% ± 0.06% No 

Y 95    

S 99    

T 100    

Y 101    
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Y 102    

Y 107    

T 115 14% ± 4% 14% ± 5% No 

T 116    

T 118 71% ± 3% 55% ± 5% Yes 

S 120 84% ± 2% 69% ± 4% Yes 

S 123 1.2% ± 0.3% 1.2% ± 0.2% No 

T 124    

K 125    

S 128 0.9% ± 0.4% 0.3% ± 0.2% No 

S 135 1.1% ± 0.5% 0.4% ± 0.3% No 

S 136    

K 137    

S 138    

T 139 0.13% ± 0.07% 0.2% ± 0.1% No 

S 140 0.03% ± 0.02% 0.05% ± 0.01% No 

T 143 0.01% ± 0.01% 0.02% ± 0.01% No 

K 151    

Y 153 0.02% ± 0.02% 0.01% ± 0.01% No 

T 159    

S 161 1.8% ± 0.2% 1.2% ± 0.2% Yes 

S 164 0.00% ± 0.00% 0.02% ± 0.02% No 

T 168 1.3% ± 0.4% 2% ± 1% No 

S 169 0.2% ± 0.1% 0.2% ± 0.2% No 

H 172 0.2% ± 0.1% 0.2% ± 0.2% No 

T 173 1.1% ± 0.2% 1.9% ± 0.9% No 

S 180    

S 181    

Y 184    

S 185    

S 187 10% ± 3% 11% ± 2% No 

S 188 10% ± 3% 11% ± 2% No 

T 191 5% ± 1% 4.4% ± 0.1% No 

S 194    

S 195    

S 196 0.01% ± 0.00% 0.08% ± 0.02% Yes 

T 199 0.01% ± 0.00% 0.05% ± 0.02% Yes 

T 201    

Y 202    

H 208 0.00% ± 0.00% 0.04% ± 0.01% Yes 

K 209 6.4% ± 2.0% 4.0% ± 1.0% No 

S 211 0.00% ± 0.00% 0.21% ± 0.02% Yes 

T 213    

K 214 0.5% ± 0.4% 0.2% ± 0.1% No 

K 217    
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K 218    

K 222 99% ± 1% 98% ± 2% No 

S 223 0.06% ± 0.04% 0.05% ± 0.01% No 

K 226 33% ± 7% 39% ± 17% No 

T 227 1.4% ± 0.8% 1.2% ± 0.8% No 

H 228 36% ± 7% 40% ± 10% No 

T 229 36% ± 7% 40% ± 10% No 

S 243    

K 250    

K 252 100% ± 0% 100% ± 0% No 

T 254    

S 258 5% ± 2% 1% ± 1% Yes 

T 260 0.7% ± 0.6% 0.2% ± 0.1% No 

T 264 11% ± 2% 10% ± 2% No 

S 271 10% ± 1% 9% ± 2% No 

H 272 0.26% ± 0.08% 0.2% ± 0.1% No 

K 278 0.2% ± 0.1% 0.24% ± 0.03% No 

Y 282 0.39% ± 0.02% 0.39% ± 0.08% No 

H 289 0.5% ± 0.1% 0.3% ± 0.2% No 

K 292    

T 293 38% ± 6% 82% ± 30% No 

K 294    

Y 300 50% ± 1% 30% ± 10% No 

S 302 38% ± 3% 10% ± 10% Yes 

T 303    

Y 304    

S 308    

T 311    

H 314 0.24% ± 0.08% 0.20% ± 0.03% No 

K 321 0.29% ± 0.04% 0.37% ± 0.06% No 

Y 323    

K 324    

K 326    

S 328    

K 330 100% ± 0% 100% ± 0% No 

K 338 2% ± 2% 1.5% ± 0.4% No 

T 339    

S 341    

K 342    

K 344    

Y 353 0.4% ± 0.6% 0.00% ± 0.00% No 

T 354    

S 358    

T 363 0.006% ± 0.002% 0.002% ± 0.001% Yes 

K 364 0.15% ± 0.07% 0.10% ± 0.08% No 
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S 368 0.02% ± 0.02% 0.00% ± 0.00% No 

T 370    

K 374 4% ± 2% 4% ± 2% No 

Y 377 11% ± 2% 9% ± 5% No 

S 379 13% ± 2% 10% ± 5% No 

S 387 11% ± 2% 9% ± 5% No 

Y 395 2.2% ± 0.8% 2.3% ± 0.3% No 

K 396 0.8% ± 0.2% 0.7% ± 0.2% No 

T 397 0.9% ± 0.3% 1.0% ± 0.2% No 

T 398 12% ± 1% 16% ± 10% No 

S 404 5% ± 1% 5% ± 3% No 

S 407 15% ± 4% 23% ± 10% No 

Y 411 8% ± 5% 13% ± 6% No 

S 412    

K 413    

T 415    

K 418 29% ± 20% 36% ± 20% No 

S 419 19% ± 20% 25% ± 20% No 

S 428 0.86% ± 0.08% 0.4% ± 0.2% Yes 

S 430 7% ± 2% 8% ± 5% No 

H 433 15% ± 2% 16% ± 3% No 

H 437 6% ± 3% 5.2% ± 0.9% No 

H 439 5.4% ± 0.9% 2.5% ± 0.3% Yes 

Y 440 0.02% ± 0.01% 0.01% ± 0.01% Yes 

T 441    

K 443 0.5% ± 0.2% 0.3% ± 0.2% No 

S 444    

S 446    

S 448 71% ± 10% 47% ± 9% No 

K 451 41% ± 20% 5% ± 5% Yes 
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APPENDIX C 

C.  HDX PEPTIDES DETECTED FOR TNFα IN COMPELIX WITH 

ANTIBODIES 

 

Table C.1: List of detected peptides for TNFα in complex with Adalimumab 

Start End Sequence Significant? 

3 26 SSSRTPSDKPVAHVVANPQAEGQL Yes - Decrease 

9 30 SDKPVAHVVANPQAEGQLQWLN 
 

27 36 QWLNRRANAL Yes - Decrease 

27 37 QWLNRRANALL Yes - Decrease 

30 36 NRRANAL Yes - Decrease 

30 37 NRRANALL Yes - Decrease 

36 42 LLANGVE Yes - Decrease 

37 43 LANGVEL Yes - Decrease 

37 48 LANGVELRDNQL 
 

38 47 ANGVELRDNQ Yes - Decrease 

38 48 ANGVELRDNQL 
 

41 47 VELRDNQ Yes - Decrease 

41 48 VELRDNQL Yes - Decrease 

43 54 LRDNQLVVPSEG 
 

43 55 LRDNQLVVPSEGL 
 

43 56 LRDNQLVVPSEGLY 
 

44 55 RDNQLVVPSEGL 
 

48 54 LVVPSEG 
 

48 55 LVVPSEGL 
 

48 56 LVVPSEGLY 
 

49 55 VVPSEGL 
 

49 72 VVPSEGLYLIYSQVLFKGQGCPST Yes - Decrease 

56 62 YLIYSQV 
 

63 72 LFKGQGCPST 
 

63 75 LFKGQGCPSTHVL 
 

63 81 LFKGQGCPSTHVLLTHTIS 
 

63 87 LFKGQGCPSTHVLLTHTISRIAVSY Yes - Decrease 
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64 81 FKGQGCPSTHVLLTHTIS 
 

64 87 FKGQGCPSTHVLLTHTISRIAVSY Yes - Decrease 

65 87 KGQGCPSTHVLLTHTISRIAVSY Yes - Decrease 

73 81 HVLLTHTIS 
 

73 86 HVLLTHTISRIAVS 
 

73 87 HVLLTHTISRIAVSY 
 

73 93 HVLLTHTISRIAVSYQTKVNL Yes - Decrease 

76 87 LTHTISRIAVSY 
 

76 93 LTHTISRIAVSYQTKVNL 
 

77 87 THTISRIAVSY 
 

77 93 THTISRIAVSYQTKVNL Yes - Decrease 

78 87 HTISRIAVSY 
 

78 93 HTISRIAVSYQTKVNL Yes - Decrease 

80 87 ISRIAVSY 
 

82 93 RIAVSYQTKVNL Yes - Decrease 

84 93 AVSYQTKVNL Yes - Decrease 

87 93 YQTKVNL Yes - Decrease 

88 94 QTKVNLL Yes - Decrease 

88 96 QTKVNLLSA Yes - Decrease 

97 109 IKSPCQRETPEGA 
 

97 119 IKSPCQRETPEGAEAKPWYEPIY Yes - Decrease 

97 120 IKSPCQRETPEGAEAKPWYEPIYL Yes - Decrease 

103 119 RETPEGAEAKPWYEPIY 
 

103 120 RETPEGAEAKPWYEPIYL 
 

115 136 YEPIYLGGVFQLEKGDRLSAEI Yes - Decrease 

121 132 GGVFQLEKGDRL Yes - Decrease 

125 132 QLEKGDRL 
 

125 134 QLEKGDRLSA 
 

125 143 QLEKGDRLSAEINRPDYLD 
 

125 144 QLEKGDRLSAEINRPDYLDF Yes - Decrease 

126 132 LEKGDRL 
 

126 134 LEKGDRLSA 
 

127 134 EKGDRLSA 
 

133 142 SAEINRPDYL Yes - Decrease 

133 143 SAEINRPDYLD Yes - Decrease 

133 144 SAEINRPDYLDF Yes - Decrease 

135 142 EINRPDYL Yes - Decrease 

135 143 EINRPDYLD Yes - Decrease 

135 144 EINRPDYLDF Yes - Decrease 

136 144 INRPDYLDF Yes - Decrease 

144 152 FAESGQVYF Yes - Decrease 

145 152 AESGQVYF 
 

145 153 AESGQVYFG 
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Table C.2: List of detected peptides for HDX/MS of TNFα in complex with 

Infliximab 

Start End Sequence Significant? 

3 26 SSSRTPSDKPVAHVVANPQAEGQL 
 

9 30 SDKPVAHVVANPQAEGQLQWLN Yes - Decrease 

37 43 LANGVEL 
 

37 47 LANGVELRDNQ 
 

37 48 LANGVELRDNQL 
 

37 55 LANGVELRDNQLVVPSEGL 
 

38 47 ANGVELRDNQ 
 

38 55 ANGVELRDNQLVVPSEGL 
 

41 55 VELRDNQLVVPSEGL 
 

43 54 LRDNQLVVPSEG 
 

43 55 LRDNQLVVPSEGL 
 

43 56 LRDNQLVVPSEGLY 
 

44 55 RDNQLVVPSEGL Yes - Increase 

48 55 LVVPSEGL 
 

49 55 VVPSEGL 
 

56 62 YLIYSQV 
 

56 63 YLIYSQVL 
 

57 63 LIYSQVL 
 

63 87 LFKGQGCPSTHVLLTHTISRIAVSY Yes - Decrease 

64 87 FKGQGCPSTHVLLTHTISRIAVSY Yes - Decrease 

65 87 KGQGCPSTHVLLTHTISRIAVSY 
 

73 87 HVLLTHTISRIAVSY 
 

73 93 HVLLTHTISRIAVSYQTKVNL 
 

77 93 THTISRIAVSYQTKVNL 
 

88 96 QTKVNLLSA 
 

97 119 IKSPCQRETPEGAEAKPWYEPIY Yes - Decrease 

97 120 IKSPCQRETPEGAEAKPWYEPIYL 
 

121 132 GGVFQLEKGDRL 
 

121 134 GGVFQLEKGDRLSA 
 

125 132 QLEKGDRL 
 

125 134 QLEKGDRLSA 
 

125 142 QLEKGDRLSAEINRPDYL Yes - Decrease 
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125 143 QLEKGDRLSAEINRPDYLD Yes - Decrease 

125 144 QLEKGDRLSAEINRPDYLDF Yes - Decrease 

126 132 LEKGDRL 
 

133 143 SAEINRPDYLD Yes - Decrease 

133 144 SAEINRPDYLDF Yes - Decrease 

133 142 SAEINRPDYL Yes - Decrease 

135 142 EINRPDYL Yes - Decrease 

135 143 EINRPDYLD Yes - Decrease 

135 144 EINRPDYLDF Yes - Decrease 

136 144 INRPDYLDF Yes - Decrease 

145 152 AESGQVYF 
 

 

 

Table C.3: List of detected peptides for HDX/MS of TNFα in complex with 

golimumab 

Start End Sequence Significant? 

3 26 SSSRTPSDKPVAHVVANPQAEGQL 
 

27 36 QWLNRRANAL 
 

27 37 QWLNRRANALL 
 

30 36 NRRANAL 
 

30 37 NRRANALL 
 

37 43 LANGVEL 
 

41 47 VELRDNQ 
 

43 55 LRDNQLVVPSEGL 
 

43 56 LRDNQLVVPSEGLY 
 

44 55 RDNQLVVPSEGL 
 

48 55 LVVPSEGL 
 

48 56 LVVPSEGLY 
 

49 55 VVPSEGL 
 

56 62 YLIYSQV 
 

56 63 YLIYSQVL 
 

57 63 LIYSQVL 
 

62 72 VLFKGQGCPST Yes - Decrease 

63 72 LFKGQGCPST Yes - Decrease 

63 87 LFKGQGCPSTHVLLTHTISRIAVSY Yes - Decrease 

64 72 FKGQGCPST Yes - Decrease 

64 87 FKGQGCPSTHVLLTHTISRIAVSY Yes - Decrease 

65 87 KGQGCPSTHVLLTHTISRIAVSY Yes - Decrease 

73 81 HVLLTHTIS 
 

73 82 HVLLTHTISR Yes - Decrease 
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73 83 HVLLTHTISRI Yes - Decrease 

73 85 HVLLTHTISRIAV 
 

73 86 HVLLTHTISRIAVS 
 

73 87 HVLLTHTISRIAVSY 
 

73 93 HVLLTHTISRIAVSYQTKVNL 
 

76 86 LTHTISRIAVS 
 

76 87 LTHTISRIAVSY 
 

77 87 THTISRIAVSY 
 

78 87 HTISRIAVSY 
 

80 87 ISRIAVSY 
 

82 93 RIAVSYQTKVNL 
 

84 93 AVSYQTKVNL 
 

87 93 YQTKVNL 
 

88 94 QTKVNLL 
 

97 119 IKSPCQRETPEGAEAKPWYEPIY Yes - Decrease 

97 120 IKSPCQRETPEGAEAKPWYEPIYL 
 

103 119 RETPEGAEAKPWYEPIY Yes - Decrease 

103 120 RETPEGAEAKPWYEPIYL Yes - Decrease 

110 119 EAKPWYEPIY Yes - Decrease 

120 134 LGGVFQLEKGDRLSA 
 

124 134 FQLEKGDRLSA Yes - Decrease 

125 132 QLEKGDRL 
 

126 132 LEKGDRL 
 

127 134 EKGDRLSA 
 

133 143 SAEINRPDYLD 
 

133 144 SAEINRPDYLDF 
 

135 143 EINRPDYLD 
 

136 142 INRPDYL Yes - Decrease 

136 144 INRPDYLDF 
 

136 147 INRPDYLDFAES 
 

145 151 AESGQVY 
 

145 152 AESGQVYF 
 

145 153 AESGQVYFG 
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